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Abstract 
High power electric arc furnaces are used in the metals industry for smelting 
various ore types and melting scrap steel. To a power system an arc furnace represents 
an erratic load, which a leading cause of voltage flicker , harmonic distortion, and 
low power factor. In an attempt to reduce the impact on the power system and 
to reduce production cost new electric arc furnaces have been constructed with DC 
power supplies. DC electric arc furnaces have been proven to be superior to AC 
furnaces with regard to reducing voltage flicker and lowering production cost. 
Traditionally DC furnaces have been supplied from thyristor-controlled rectifiers. 
However, as transistor rating increase alternative configurations become available. 
Namely active rectifiers, and uncontrolled rectifier chopper combinations. To date 
only the uncontrolled rectifier chopper power supply has been used as an alternative 
to the controlled rectifier power supply. The purpose of this thesis is to describe 
each configuration in detail and investigate their suitability to DC smelting furna~e 
applications. The comparison will investigate the line side power quality, rectifier 
performance, and reliability. 
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Chapter 1 
Introduction 
High power electric arc furnaces (EAF) are used in the metals industry for smelt-
ing various ore types and melting scrap steel. Electric furnaces offer high throughput 
capacity and productivity. However their present day use is burdened by the escalat-
ing cost of electric power and stricter power quality constraints. To a power system 
an arc furnace represents an erratic load, which is a leading cause of voltage flicker , 
harmonic distortion, and low power factor. The arc furnace, with its related prob-
lems, represents a significant load on the power system because of its high energy 
consumption. 
Initially all smelting furnaces were operated at an AC mains frequency with power 
being regulated through positioning of the electrodes and adjusting the transformer 
tap position. The transformer tap is used to get in the vicinity of the operating point 
while fine control is obtained by positioning the electrodes to get the desired setpoint 
impedance. This mechanical movement of electrodes is slow and cannot compensate 
for fluctuations caused by arc instabilities. 
As an alternative the DC furnace uses fast acting power electronic control and 
is able to partially compensate for arc fluctuations. This coupled with the fact that 
a DC arc in inherently more stable than an AC arc results in significant reductions 
in power fluctuations [1]. Measurements showing fluctuations from an AC smelting 
1 
-furnace and a DC smelting furnace are provided in Figure 1.1. Both data sets were 
t rended at a 200 ms rate and were recorded at the primary of the furnace transformers. 
In each case the data shows furnace operation at approximately the 40 MW level. 
AC Arc Smelting -Power Fluctuations at Primary of Furnace Transformers 
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
DC Arc Smelting- Power Fluctuations at Primary of Furnace Transformers 
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Figure 1.1: Power Fluctuations for AC Arc Smelting and DC Arc Smelting 
The measurements clearly show a reduction in power fluctuations when using the 
DC smelting furnace. The large down wings in power observed in the AC smelting 
case are caused by a lo s of arc in one or more of the three phases. There are no 
loss of arc conditions recorded in the DC smelting case, which suggest improved arc 
stability. This improved arc stability and reduction in power fluctuations will result 
in improved power quality, including voltage fluctuations and unbalance, on the AC 
power system [2 , 3]. 
The improved power quality performance often dictates that DC melting furnace 
be used on weak utility systems to minimize the impact on nearb customers [4]. 
2 
Since a number of smelting facilities are located in remote areas with inceivably cap-
tive generation, a DC furnace would conceivably allow a reduction in the generator 
requirements. DC furnaces also provide considerable process benefits including re-
duced electrode consumption (5] and improved stirring in the bath (6]. The more 
stable DC arc has also found application in smelting fine ore types , which would 
otherwise need to be pellitized before smelting in an AC furnace to prevent excessive 
loss in the off gas column [1]. 
The DC furnace power supply is required to convert the plant distribution electri-
cal energy to a form applicable to process requirements. Normally the plant medium 
voltage bus is between 12 to 45 kV and is supplied at an AC mains frequency of 50 or 
60 Hz. In contrast, the DC furnace will operate with a direct current between 50 to 
130 kA and a voltage between 600 to 1150 V. Since the process is continually changing 
the power supply must be capable of converting high voltage AC to controlled low 
voltage DC. 
In addition the power supply should operate in a manner that minimizes distur-
bances on the AC system while delivering process energy with maximum reliability. 
In order to minimize harmonic currents in the AC supply and to reduce ripple content 
in the DC output the furnace power supply normally includes a 12-pulse rectifier at 
the front end. Furthermore, the output of each individual bridge circuit is connected 
in parallel to effectively double the current supplied to the load. 
Traditionally DC furnaces have been supplied from controlled rectifier power sup-
plies using thyristors to control the level of current or power delivered to the load. 
With the emergence of high power transistors other configurations for the power cir-
cuit have been developed including active rectifiers and uncontrolled rectifier chopper 
combinations (7]. To date only the controlled rectifier and uncontrolled rectifier chop-
per combinations have been successfully employed in industrial applications and as 
such only these two configurations will be investigated. 
The controlled rectifier power supply is a proven technology used extensively in 
3 
the steel industry for DC arc furnace applications. The power supply consists of 
rectifier transformers, thyristor rectifiers, and output reactors. Passive filters are 
normally installed on the AC system to improve the power factor and reduce the 
effects of harmonics. However, since filters are not part of the power supply they will 
not be included in this study. The controlled rectifier directly converts power from 
low voltage ACto controlled low voltage DC at the output. 
Commercial application of chopper power supplies have been traditionally limited 
to small scale plasma torch applications, however, one low power DC arc furnace 
has been operated with a chopper supply. The power supply consist of rectifier 
transformers, diode rectifiers, DC link capacitors, and output reactors. The diode 
rectifier converts power from low voltage AC to uncontrolled low voltage DC. From 
here the DC chopper converts the uncontrolled DC voltage to controlled low voltage 
DC at the output. 
1.1 Thesis Objectives 
Throughout the thesis both power supply configurations will be analyzed in detail 
to obtain the open-loop and the closed-loop characteristics. The analysis will focus on 
both the line side and load side characteristics and also compare the suitability of each 
configuration to smelting furnace applications. The objective is to give an unbiased 
opinion as to which power is more suitable for improved power quality, performance, 
and reliability. 
The power quality parameters investigated will be those of most concern when 
using an EAF and include, harmonic and interharmonic distortion, voltage flicker , 
unbalanced voltage, and power factor. To determine the rectifier performance several 
indices will be compared including the efficiency, rectification ratio, and the trans-
former utilization factor. In addition, the output waveforms will be analyzed and 
compared on the basis of the ripple factor of the output voltage, and the form factor 
4 
of the output current. The reliability analysis will be simplified using the parts count 
method. 
Previous comparisons have been completed by equipment manufactures recom-
mending the controlled rectifier power supply [7] and the uncontrolled rectifier chopper 
power supply [8]. Measurements at low power are available comparing both configu-
rations [9 , 10], however , the results do not reflect typical smelting furnace operation. 
1.2 Thesis Organization 
The report is organized into six chapters for easy reading and access to informa-
tion pertaining to each specific topic. A description of the controlled rectifier power 
supply is given in Chapter 2, while the uncontrolled rectifier chopper power supply 
is described in Chapter 3. The power supply chapters contain information relating 
to the equipment and configuration, open-loop characteristics under ideal conditions, 
and closed-loop characteristics to show the various control modes. A static DC arc 
model, which is shown to give results similar to those recorded at several operating 
DC electric arc furnaces is presented in Chapter 4. The static model is modified by 
adding fluctuation to represent a DC smelting furnace. 
In Chapter 5 a case study example and the results from the simulations of both 
power supply configurations are presented. As well the results of some industrial 
measurements to verify that the smelting furnace model presented in Chapter 4 is ac-
curate. Chapters 1 and 6 provide the report introduction and conclusion, respectively, 
whereas additional information is contained in the appendices. 
The thesis was prepared as part of the requirements for the completion of a Master 
of Engineering Degree from Memorial University of Newfoundland. The text was 
prepared using ~'lEX-Version 2e whereas the analysis and design was carried out using 
Matlab Revision 12 and PSCAD / EMTDC Version 4.0.1. All drawings were prepared 
using Microsoft Visio 2000. 
5 
1.3 Literature Review 
The various sections of the thesis were prepared after an extensive literature review 
of previous work in all relevant areas. There are several papers that highlight the 
benefits of choosing a DC furnace as opposed to an AC furnace [1- 6]. These references 
compare the operation of a typical three-electrode AC furnace with a traditional 
single-electrode DC furnace using a thyristor-controlled rectifier power supply. The 
controlled rectifier power supply is used for the majority of industrial furnaces , and 
to the authors knowledge only one low power smelting furnace has been commercially 
operated with an alternative arrangement. 
An alternative is desirable to improve the power factor and reduce the harmonic 
distortion caused by the controlled rectifier power supply. Reference [7] shows two 
possible alternative arrangements including an active rectifier and an uncontrolled 
rectifier chopper power supply. The paper [7] concludes by recommending the con-
trolled rectifier power supply because of its proven reliability. The benefits of using 
the uncontrolled rectifier chopper power supply are provided in reference [8] . While 
references [9, 10] show measured data from both power supply configurations. How-
ever, the results in [9] are at very low power and do not represent normal operation, 
and the results in [10] compare a controlled rectifier with a 6-pulse front end against 
a chopper with a 12-pulse front end. 
The operation and structure of the controlled rectifier power supply is described 
in several books [11- 15]. Schaefer [11] provides the most comprehensive source on 
rectifier circuits covering various configurations operating with different load types, 
including the ideal cases of constant current output and constant voltage output. 
More information on operation is presented by both Pelly [12] and Kimbark [13] , while 
reference [14] provides a detailed description of power system harmonics , including 
harmonics produced by large rectifiers and arc furnaces. 
A more detailed description of the controlled rectifier structure used in the DC 
EAF power supply is provided in [16] . References [17, 18] provide information on 
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the design of EAF transformers. Reference [19] describes the structure of the bridge 
circuit used in high current rectifiers to ensure current sharing between devices con-
nected in parallel. References [15,20) describe the configuration and sizing of snubbers 
commonly used in bridge circuits, while [21] provides information on fusing in DC 
semiconductor circuits. References [11, 22] describe the operation and sizing of the 
interphase transformer (IPT). 
The modes of operation of a 12-pulse rectifier with and without an IPT are com-
pared in [23], while [24] provides additional information on rectifier operation without 
an IPT. Other sources showing the modes of operation from DC drives are provided 
in references [25, 26]. Tzeng [27] extends on the work presented in [23] to compare the 
harmonics of a 12-pulse rectifier with and without an IPT. A description of rectifier 
harmonic calculations provided by Rice [28], shows the effect of using calculations for 
an ideal constant current load for a non-ideal load. References [13,14,29] also provide 
information on non-ideal operation. 
Many of the same sources of information used to describe the controlled rectifier 
power supply [11, 13-15,20,21, 28] are also applicable to the uncontrolled rectifier. 
Additional books [30, 31] containing information on both rectifiers and choppers are 
available. While references [32, 33] present information on the structure of an uncon-
trolled rectifier chopper applicable for use in a DC EAF power supply. Reference [34] 
provides information on rerating old rectifiers with chopper outputs, which improves 
the transformer utilization factor. More information on converter transformer design 
is presented by Linden [35]. Rashid [36] presents information on DC link filter design 
for multiphase choppers, while references [31,37] discuss snubber design for transistor 
switching circuits. Although it will not be used in this study Dawson [38], presents a 
design for an IPT applicable for used in a multiphase chopper circuit. 
The modes of operation of an uncontrolled rectifier supplying a constant voltage 
load are provided by Hancock [39] for a 6-pulse converter. This work is expanded upon 
in references [40,41] for an inductive supply, reference [40] also provides the boundaries 
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between the various modes in terms of voltage regulation. Reference (42] shows the 
shape of the line-to-neutral voltage at the load side of the supply reactance for the 
case when three diodes in the bridge circuit are conducting. Additional information 
on calculating current harmonics from an uncontrolled rectifier with a DC filter is 
presented in [43]. 
Multi phase chopper operation is described by Barton (44, 45]. Reference (44] pro-
vides a symmetrical component analysis, while reference (45] provides an analytic 
solution. Other sources of information showing the modes of operation from DC 
drives are provided in references (46- 48]. 
In order to represent the DC smelting furnace load in simulation the DC arc is first 
modeled then fluctuation added to represent an operating furnace. An introductory 
level description of the arc physics is provided by Hoyaux (51], which describes arc 
characteristics and modelling. The available arc models are generally of two types 
which include the Magneto Fluid Dynamic Model (MFD) (52-61], and the Channel 
Arc Model (CAM) (62-67]. The MFD model is complicated and uses fixed boundary 
conditions to solve for the spatial distribution of arc parameters, as such is not well 
suited for an electromagnetic simulation. 
Simplifications made in the CAM model make it more appropriate for this study 
and it has been proven to represent the arc in a steel melting furnace. The CAM model 
is described by Sakulin [62, 63], by presenting the energy balance equations taking 
into account the heat loss mechanisms from convection, conduction, and radiation. 
The results were modified in reference (64] to represent an EAF arc, and were deter-
mined to be accurate in (65]. To be accurate the model uses the thermodynamic and 
transport properties from a typical arc furnace plasma (67,68]. References (57,69 71] 
provide additional information on industrial electric arc characteristics. 
Process parameters dictate that the smelting furnace has a different characteris-
tic than a steel melting furnace. Smelting processes are described by Robiette (72], 
which presents information on both reduction smelting and matte smelting. Infor-
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mation on power system design for various smelting types is provided in (73] , while 
reference [74] describe the control system for the electrode movement and furnace feed 
system. Other aspects of furnace design and smelting types are presented in [75] , while 
reference [76] describes the furnace structure. 
Methods of analyzing electric arc furnace electrical data is presented in refer-
ences (77, 78]. Reference [79] presents the load characteristics from both AC and DC 
furnaces , while reference [80] presents the load characteristics and harmonic analysis 
from DC furnaces. Harmonic measurements and power factor correction from a steel 
melting facility is described in [81]. References [82-87] present information on flicker 
generated from EAF operation. While references [88, 89] present information on in-
ter harmonics generated by DC furnaces and their contribution to flicker problems. In 
particular, reference (88] presents an actual case in which 187 Hz distortion caused 
voltage flicker problems at a steel melting facility. 
Electric arc furnace models have been developed to assess their impact on power 
quality. Since power quality is part of the comparison in this study some aspects 
of the existing models will be incorporated into the fluctuation part of CAM model. 
The majority of electric arc furnace models have been developed to assess flicker 
from AC furnace (90-96] , while others are more general and include more power 
quality disturbances (97-103]. Very little information is available on DC EAF models. 
However, tools including electromagnetic transient type programs have been used 
for DC furnace power supply design (104]. Additional DC arc furnace models are 
provided in references (105, 106], while reference [107] also includes the influence of 
the controller on voltage fluctuations. 
The comparison is done on the basis of power quality, rectifier performance, and 
converter reliability. In order to define indices to compare both power supply config-
urations various sources of information were consulted including books international 
standards, and papers. The bulk of published information was on power quality 
including several books devoted to the topic [108- 110] , international standards pro-
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viding measurement techniques and limits [111- 119], and papers presenting the latest 
information on the topic [120- 142]. The information on rectifier performance indices 
were taken from [143], while the information on reliability is presented in [144, 145]. 
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-Chapter 2 
Controlled Rectifier Power Supply 
The controlled rectifier power supply uses thyristors to directly convert the low 
voltage AC at the transformer secondary into controlled low voltage DC at the out-
put . The power supply consists of rectifier transformers , thyristor bridge rectifiers, 
and output reactors. The controlled rectifier is a proven technology used extensively 
in the steel industry and at the majority of smelting facilities for electric arc fur-
nace applications. Thyristors are also commonly used in other high power converters 
including HVDC converters, SVC converters, and large motor drives. 
In the following sections the basic concepts and equations required to analyze the 
traditional controlled rectifier power supply are developed. Equations are developed 
for the ideal case of constant current output with and without supply reactance, and 
are provided for parameters at the input and output of the power supply. Input pa-
rameters include the RMS line current and harmonic magnitudes, power, and power 
factor , while output parameters include the average voltage and harmonic magni-
tudes. Waveforms depicting various operating conditions are also provided through-
out the chapter to illustrate converter operation. 
Although the assumptions made in the development of equations are appropriate 
to approximate the steady-state behavior of the converter they do not illustrate the 
dynamic performance of the converter. In order to show the dynamic performance 
of the converter closed-loop simulations were performed for constant current output , 
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constant power output, and constant power output with current limit. In each case 
plots are provided depicting the converter response to a step change in setpoint , as 
well as setpoint tracking performance. Simplified block diagrams showing the control 
structure are also provided for completeness. 
Since the 12-pulse controlled rectifier configuration is used in the majority of DC 
smelting furnaces it will be the focus of this chapter. The analysis assumes that 
all devices are ideal and perfectly matched with synchronized control signals. Since 
this is not the case in practice a section providing additional sources of information 
pertaining to non-ideal operation is also included. The chapter concludes by listing 
the benefits and problems associated with the controlled rectifier technology and 
provides several methods to improve the power supply performance. 
2.1 Major Components 
The controlled rectifier power supply uses two forms of energy conversion and one 
form of energy storage to convert the AC mains frequency, at the plant medium volt-
age bus, into controlled low voltage DC at the output. The power supply consists of 
rectifier transformers (energy conversion) , thyristor-controlled converters (energy con-
version), and output reactors (energy storage) . A typical12-pulse thyristor-controlled 
rectifier intended for use as an electric arc furnace power supply is provided for ref-
erence in Figure 2 .1. 
2.1.1 Rectifier Transformers 
The converter transformers are similar to standard three-phase arc furnace trans-
formers. However, additional windings are normally used and arranged to increase 
the converter pulse number (18]. For instance in Figure 2.1 a combination of a~/~ 
transformer and a Y j ~ transformer is used to obtain 12-pulse operation. The 12-
pulse characteristic is achieved by phase shifting one 6-pulse bridge circuit by 30° with 
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Figure 2.1: Simplified 12-Pulse Controlled Rectifier Power Supply 
respect to the other. A ~ connection is used in each case to minimize zero sequence 
harmonics from entering the AC system. 
Higher order pulse numbers can be obtained by using special phase shifting trans-
formers. However, the benefits of going from 6-pulse to 12-pulse are not matched when 
increasing beyond the 12-pulse level [11]. While it is possible to use phase shifting 
transformers in a 12-pulse scheme normally a combination of~ andY windings are 
preferred since they provide an economic and simple connection without increasing 
the equivalent transformer rating. However, one disadvantage in using a transformer 
with a~ winding and a Y winding, in combination with a~/~ transformer, is that 
the secondary voltages cannot be exactly matched since a 1 : .J3 turns ratio will be 
required [11]. 
Mechanically the transformers are designed for high current density and K factors 
up to 10 to withstand the current harmonics generated by the random arc behavior 
and converter switching characteristics. In most cases the transformer cooling is 
accomplished using oil [17], as part of an oil-forced air-forced (OFAF) or oil-forced 
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water-forced (OFWF) combination. In order to minimize losses from the transformers 
to the converters the connections are made as short as possible by mounting the 
transformer secondary bushings on the side of the transformer tank (16] . When using 
the controlled rectifier power supply the transformers are equipped with tap changers 
to optimize the furnace operating point and ensure that an adequate control range is 
provided while maintaining maximum power factor. 
2 .1. 2 Controlled Rectifiers 
The controlled rectifier power supply will utilize thyristors as the controlling el-
ement. Thyristors are power electronic devices that permit the control of device 
turn-on provided that there is a positive voltage across the device. Device turn-off 
is governed by the zero-crossing of the line current, hence the thyristor is classified 
as a line-commutated device. The point at which the thyristor is turned on is often 
referred to as the firing angle and is denoted as a. The firing angle is often measured 
in degrees or radians from the positive zero-crossing of the voltage. 
Thyristors are generally used in high power applications because of their capability 
to conduct large currents and withstand large voltages. Devices are available with 
mean current ratings in excess of 5000 A and voltage ratings up to 8000 V. A typical 
phase controlled thyristor data sheet applicable for an EAF power supply is provided 
for reference in Appendix A. 
Since the furnace will normally be operated with a high current the thyristors 
require external cooling and this is usually provided using deionized water. The 
deionized water is pumped through a closed circuit equipped with a heat exchanger 
that may be part of a water-forced air-natural (WFAN) or water-forced water-forced 
(WFWF) arrangement , depending on the cooling requirements. 
Despite the high current capacity of the thyristor , devices will still need to be con-
nected in parallel to provide the necessary amount of current to the process. When 
thyristors are connected in parallel it becomes necessary to ensure current sharing 
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-between individual devices. The high currents required by the smelting process pro-
duce strong magnetic fields in series with the devices through conductors and fuses , 
and between individual devices. These magnetic fields are similar to adding a small 
inductance in series with each device and it has been shown that the bridge circuit 
can be constructed to have a positive effect on current sharing [19] . 
For the standard bridge circuit there are two construction possibilities, one with 
two continuous DC conductors the other with three continuous AC conductors. Both 
configurations are shown in Figure 2.2. Based on work presented in [19] it has been 
shown than the configuration with three continuous AC conductors is superior to the 
configuration with two continuous DC conductors for current sharing. It is for this 
reason that the DC furnace power supply is constructed with three continuous AC 
conductors. 
A 
B 
c 
Two Continuous OC 
Conductor Configuration 
p 
A B C 
1bree Continuous AC 
Conductor Configuratin 
Figure 2.2: Three-Phase Bridge Layout 
The power supply is partially protected using overcurrent relays to trip the main 
breaker. Additional protection is provided to the major components using temper-
ature detectors , pressure sensors, flow meters, and level indicators to monitor the 
cooling system and to trip the main breaker in the event of a potential problem. 
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When deionized water is used in the cooling circuit a conductivity meter is also re-
quired. The power supply is protected from transient voltages using surge arrestors 
connected between the phases, between the phases and ground, and at the output of 
each bridge circuit. A damping circuit will be installed in parallel with the arrestors 
at the input as shown in Figure 2.3. 
The thyristors themselves also require protection from excessive fault currents, as 
well as large rates of change in current (dildt) through the device, and voltage (dvldt) 
across the device. If the dv I dt is too large the device will begin to conduct without 
a gate signal present [15]. If the dildt is too large localized heating will result from 
the high current density [15] . Generally the dv I dt snubber consists of an unpolarized 
capacitor in series with a resistor placed across the device while the dildt snubber 
is an inductor placed in series with the device. Thyristor protection and snubber 
circuits are shown in Figure 2.3. 
A -----r------~-------4 
B ----~--r---~~------+----------+ 
c ----~~--r~---r~-4~----+---------~--------~ 
L-L 
Arrestors H~·--.t-r----f 
Ar~:~ors Qj Qj Qj UJ T 11 
* = 
~ 
Damping 
Circuit 
Output lit 
Arrestor ~ 
Figure 2.3: Controlled Rectifier Protection Circuit 
N 
p 
For an electric arc furnace application the dv I dt snubber is used in conjunction 
with a current limiting fuse on each thyristor. The dildt protection is provided to 
all thyristors through the transformer reactance at the input and the DC reactors 
16 
-at the output. Snubbers for bridge circuits are discussed further in [15, 20], while 
information on DC fusing in semiconductor circuits is provided in [21]. 
2.1.3 DC Reactors 
Normally when two 6-pulse bridges are connected in parallel at the output an 
interphase transformer (IPT) is used to prevent interaction between both converters. 
The IPT is required to sustain the instantaneous voltage differences between both 
rectifier circuits caused by the phase displacement on the AC side [11, 22]. Without 
an IPT a circulating current will develop between both converters. It is possible to 
construct a high-current power supply without an IPT. Modes of operation for such 
a system are discussed in detail in [23, 24], while an harmonic analysis is provided 
in [27]. 
In an electric arc furnace power supply two air core DC reactors are used to 
perform the operation of an IPT. The DC reactors are constructed as part of the 
high-current secondary bus and consist of several turns of water-cooled aluminum. 
In order to properly function as an IPT the reactors are arranged such they are 
magnetically coupled as shown in [16]. In addition to ensuring that both bridge 
circuits share current equally the output reactors limit the short-circuit current at 
the converter to acceptable values and moderate the arc fluctuations to reduce the 
impact on the power system [16]. 
2.2 Rectifier Operation 
Under ideal operation the load will be modeled as a constant current source. It 
is also assumed that the output reactors are sufficiently large enough to allow both 
bridge circuits to conduct simultaneously and share current equally. Two cases will 
be presented including a system without supply reactance followed by a more realistic 
case in which the supply reactance is included. 
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Without supply reactance two thyristors from each bridge circuit will conduct 
simultaneously and switching between thyristors occur instantly. When the supply 
reactance is included this switching is no longer instant and there will be a period 
of overlap, the length of which will depend on the amount of supply reactance. The 
turn-off of a thyristor is often referred to as commutation, and the overlap as the 
commutation overlap angle, denoted as J-L. Since the output current is constant the 
commutation overlap angle can be determined from the amount of inductance in the 
supply using Equation 2.1. 
wLsld 
COS (J-L) = 1 - rr> 
v2VLL 
(2.1) 
When analyzing the 12-pulse bridge circuit another term is often introduced to 
represent the amount of overlap between both 6-pulse groups. For the purpose of this 
study, ( , will be used to represent this value and will be referred to as the inter bridge 
commutation overlap angle. Since both bridge circuits are phase shifted by 30° an 
expression for ( can be written as 
(2.2) 
This term is only applicable for J-L > 30°. To distinguish between the two terms used 
to describe the same condition, J-L will be referred to as the interphase commutation 
overlap angle. 
At J-L = oo there is no commutation interval and two devices in each bridge are 
always conducting for a total of four devices. This will be referred to as the 4-4 mode 
of operation and is often used in simplified analysis to approximate the converter 
operating characteristics. Practically this mode will never exist in the electric arc 
furnace power supply since it requires that the supply contain zero reactance. 
In the interval oo < J-L < 30° each bridge will alternate between two devices 
conducting in the conduction interval to three devices conducting in the commutation 
interval. Since there is no interbridge commutation overlap at this point the total 
converter will alternate between four devices conducting in the conduction interval 
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to five devices conducting in the interphase commutation interval. This is normally 
referred to as the 5-4 mode of operation and will be the mode most often encountered 
in the electric arc furnace power supply. 
At J.-L = 30° each individual bridge will operate as in the previous interval , however 
at this point ( = oo, which signifies the onset of inter bridge commutation overlap. 
This is a special case in which a total of five devices are always conducting and as 
such will be referred to as the 5-5 mode of operation. 
In the interval 30° < J.-L < 60° each individual bridge will operate as in the previous 
two intervals, however , the interbridge commutation overlap angle will be between 
oo < ( < 30°. This means that the total converter will alternate between six devices 
conducting in the interbridge commutation interval to five devices conducting in the 
interphase commutation interval. This will be referred to as the 6-5 mode of operation. 
At J.-L = 60° in each individual bridge when a commutation interval ends another 
begins hence there is no longer a conduction interval. At this time ( = 30° hence 
there is always interbridge commutation overlap and as such a total of six devices are 
always conducting. This will be referred to as the 6-6 mode of operation. Since it 
only occurs at one point it can be regarded as another special case that is not often 
encountered. 
In general the power supply will only operate in the 5-4 mode and anything beyond 
this will only occur at elevated current levels. It is possible for more than six devices 
to conduct, however, this is abnormal and will only occur under fault conditions. 
Kimbark [13) provides a detailed analysis of the 6-pulse bridge under both normal 
and abnormal operation. 
2.2.1 Constant Current Load Without Supply Reactance 
The assumption of zero supply reactance is a limit'ed case as the transformer will 
have an associated leakage reactance. However, the case is beneficial to describe the 
basic operation of the converter and will be presented in detail. Since the output 
19 
-current is constant it does not require analysis. The line current on both sides of the 
transformer and the output voltage will be analyzed in detail. 
First the voltage waveforms at the input and output of the rectifier will be ana-
lyzed. When describing the ideal case it is easier to use the line-to-line voltages as 
a reference point. Based on Figure 2.1 the line-to-line voltages of bridge 2 will lag 
those of bridge 1 by 30°, the following open-circuit voltages have been assumed on 
the secondary side of the transformers 
V~bl = ..J2VLL COS ( wt- ~) 
vtc1 = hvLL cos ( wt-
5
;) 
v~al = ..J2VLL cos ( wt + ~) 
V~b2 = ..J2VLL COS ( wt- i) 
vtc2 = hvLL cos (wt- 1r) 
V~2 = ..J2VLL COS ( wt + i) 
(2.3) 
(2.4) 
(2.5) 
(2.6) 
(2.7) 
(2.8) 
In order to transfer the line currents from the secondary of the furnace transform-
ers to the primary, the Y / ~ currents need to be properly transformed and added to 
the currents from the~/~ transformer. Assuming a 1:1 turns ratio in the transform-
ers the primary currents can be expressed using the following equations: 
·s ·s 
'L -'L iP = ip + ip =is + a2 b2 
a al a2 al .J3 (2.9) 
(2.10) 
·s ·s 
·p _ ·P ·P _ ·s 'Lc2 - 'La2 
'Lc - 'Lc1 + 'Lc2 - 'Lc1 + .J3 (2.11) 
To illustrate the operation of the controlled rectifier without supply reactance 
four cases are presented in Figures 2.4-2.7. The cases represent a = 0°, a = 15° 
a = 30°, and a = 45°. Waveforms are included for the output voltage (Figure 
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2.4), line currents at the secondary of each transformer (Figures 2.5 and 2.6), as well 
as voltage and current at the input to the converter (Figure 2.7). The waveforms 
are plotted over a 20 ms period and are intended to represent one cycle at a power 
system frequency of 50 Hz. All resulting waveforms are normalized using VLL = 1pu 
and Jd = 1pu. 
The output voltage is almost constant at a = oo, which represents full conduction 
of the thyristor. As the delay angle is increased beyond this value the average DC 
voltage decreases while the magnitude of the voltage ripple increases. This can be 
observed by comparing the output voltage in Figure 2.4. Based on these waveforms 
the average DC voltage for the 12-pulse rectifier without supply reactance and an 
ideal interphase transformer can be written as 
3v'2 Vd = --VLLcos(a) 
1f 
(2.12) 
Assuming that the system and bridge currents are balanced, harmonics in the DC 
voltage will occur at integer multiples of the pulse number, which in the present case 
results in harmonics at the following frequencies 
h = 12k (2.13) 
where k is an integer. The magnitude of the harmonics will be inversely proportional 
to their harmonic number and will increase as a increases. An expression for the 
harmonic magnitudes of the output voltage as a function of a is given as [14] 
(2.14) 
where Vdo is the maximum average DC voltage at a= oo and h is a value obtained 
from Equation 2.13. 
Without supply reactance the line currents have a staircase shape due to the 
constant DC load current assumption. The input line currents at a = oo in Figure 
2.7 and are observed to be in phase with the corresponding line-to-neutral voltages. 
As a is increased the phase angle between the line-to-neutral voltages and the line 
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currents increase. However, since the load current is assumed constant the shape of 
the line current waveforms remain constant. This can be observed by comparing the 
cases presented in Figure 2.7. Based on these waveforms the total RMS line current 
including harmonics can be written as 
(2.15) 
Assuming that the system and bridge currents are balanced harmonics in the line 
currents will occur at the following frequencies 
h = 12k ± 1 (2.16) 
where k is an integer. Unlike the DC voltage the line current harmonics, current 
magnitude, and RMS value, remain constant as a varies. An expression for the 
harmonic magnitudes of the line current is given as [14) 
Ih =II 
h 
(2.17) 
where It is the magnitude of the fundamental component and his a value obtained 
from Equation 2.16. The fundamental component of the line current can be deter-
mined from Fourier analysis as 
(2.18) 
An expression for the power drawn by the converter is similar to that encountered 
in traditional power system analysis and can be written as 
(2.19) 
The traditional power factor equation is based on the cosine of the phase an-
gle between the line-to-neutral voltage and the line current. A similar term exists 
when harmonics are present and is called the displacement power factor (DPF). The 
displacement power factor for the controlled rectifier power supply without supply 
reactance and constant current load is defined as 
DPF =cos (a) (2.20) 
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This term alone is not sufficient to describe the power factor and will not give 
accurate results when harmonics are present. For instance, the line current and line-
to-neutral voltage waveforms for a = oo are in phase, however, the power factor is 
not unity. The expression for power factor taking into account current harmonics can 
be written as 
PF = 11 DPF 
IL 
(2.21) 
where IL is the RMS value of the line current taking into account all significant 
harmonic components. 
2.2.2 Constant Current Load With Supply Reactance 
In this section the load is still represented as a constant current source. However, 
the supply now has some associated inductance. This inductance is mainly due to 
transformer leakage reactance and exists in practice. For the purpose of this section 
only it is assumed that all supply reactance is contained in the transformers and will be 
referred to the secondary side. These simplifications mean that the transformers are 
decoupled magnetically and that supply voltages at the primary of the transformers 
are ideal. 
When describing the case with supply reactance it is easier to use line-to-neutral 
voltages as a reference point . The following open-circuit voltages have been assumed 
as reference and are equal to the line-to-neutral voltages on the secondary of the 
transformers in a case without supply reactance. The voltages have been calculated 
from the line-to-line voltages in the previous section and thus correspond to the same 
system over the same time interval. 
s v'2 ( K) Vanl = .j3 VLL COS wt - 3 (2 .22) 
Vbnl = ~VLLCOS (wt - K) (2.23) 
s v'2 ( K) vcn1 = .j3 VLL cos wt + 3 (2.24) 
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s V2 ( K) Van2 = .J3 VLL COS wt- 2 (2.25) 
s V2 ( 5K) 
vbn2 = .J3 VLL cos wt + 6 (2.26) 
V~2 = ~VLLCOS ( wt + i) (2.27) 
In the non-commutating intervals the line-to-line and line-to-neutral voltages at 
the secondary of the furnace transformer will be equal to those presented in Equations 
2.3-2.8 and 2.22-2.27, respectively. During commutation the line-to-line voltage of the 
short-circuited phase is zero while the line-to-neutral voltages are equal to each other 
and to the average of the corresponding open-circuit voltages (13). If it is assumed 
that the only supply reactance is contained in the transformer then the following 
pairs of equations can be used to describe the secondary voltages during the various 
commutation intervals 
v~n + vtn vs s s en 
van = vbn = 2 2 
(2 .28) V~ = O 
vbc = 0 v~ =v~ vtn + v~ v~n 2 2 (2.29) 
v~ + v~n vs vs - vs - bn 
en - an- 2 2 
(2.30) 
The line currents during commutation will consist of a DC component and a 
sinusoidal component, which will lag the corresponding commutating voltage by 90° . 
Simplified expressions for the line current during commutation have been provided 
in (11), for both an increasing current, and a decreasing current. The correct equations 
for the positive half-cycle are provided, and since the waveform is symmetric, the 
same equations are applicable to the negative half-cycle by changing the polarity and 
increasing the phase shift angle by 180°. 
The phase shift angle is denoted by ¢, and represents the position of the line-to-
neutral voltage with respect to time zero. For instance, based on Equation 2.22, the 
phase shift angle for Phase A at the secondary of the 6./ 6. transformer will be 60°. 
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-The current in the positive half cycle consists of four intervals. The first interval 
occurs between a< wt <a+ f..L, and the current in this interval can be written as 
is = Id [cos (a)- cos (wt + 7r/3- ¢)] 
11 2 cos (a) - cos (a + f..L) (2.31) 
This represents a rising current during the commutation interval. The second interval 
occurs between a+ f..L < wt < a+ 21r /3 and the current in this interval can be written 
as 
·s J ~12 = d (2.32) 
This represents current in the non-commutating interval. The third interval occurs 
between a+ 27r /3 < wt < a+ f..L + 21r /3, and the current in this interval can be written 
as 
is = Id [1 _ (cos (a)- cos (wt- 7r/3- ¢))] 13 2 cos (a) - cos (a + f..L) (2.33) 
This represents a falling current during the commutation interval. The fourth interval 
occurs between a+ f..L + 21r /3 < wt < a+ 1r, and the current in this interval can be 
written as 
(2.34) 
This represents the period of no conduction between the positive half-cycle and neg-
ative half-cycle. 
To illustrate the operation of the controlled rectifier power supply with supply 
reactance two cases are presented in Figures 2.8-2.11. The cases represent a = oo 
with f..L = 30° a = 15° with f..L = 30°, a = 30° with f..L = 15°, and a = 45° with 
f..L = 15°. The waveforms include the output voltage (Figure 2.8) voltage and current 
at the secondary of each transformer (Figures 2.9 and 2.10) as well as voltage and 
current at the input to the converter (Figure 2.11). All waveforms are plotted over 
a 20 ms period and are intended to represent one cycle at a power system frequency 
of 50 Hz. As in the previous section the waveforms are normalized using VLL = 1pu 
and Id = 1pu. 
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The output voltages for a = oo and a = 15° wit h J..L = 30° contains more ripple 
than that presented in the previous section for a = oo and a = 15° with J..L = 0°. 
However, if the cases for a = 30° and a = 45° with J..L = oo are compared with the 
case for a= 30° and a= 45° with J..L = 15° it is noticed that the commutation overlap 
has actually reduced the amount of ripple in the output voltage. This suggests a 
nonlinear relationship between a and J..L , which is observed in the output voltage. 
Based on the waveforms the average DC voltage for the 12-pulse rectifier including 
supply reactance and an ideal interphase transformer can be written as 
3v'2 
vd = 27r VLL [cos(a) +cos( a+ J..L)] (2.35) 
As in the previous section, harmonics in the DC output voltage will appear at 
integer multiples of the pulse number, provided that the system and bridge currents 
are balanced. The magnitude of the harmonics will depend on a and J..L and can be 
expressed using the following equation [14] 
Vh = (h;~ 1) { (h- 1)2 cos2 [(h + 1) ~] + (h + 1)2 cos2 [(h- 1) ~] 
-2 (h- 1) (h + 1) cos [(h- 1) ~]cos [(h + 1) ~]cos (2a + J..L) f12 
(2.36) 
where Vdo is the maximum average DC voltage at a = J..L = oo and h is a value 
obtained from Equation 2.13. 
The staircase shape of the line currents observed in the previous section become 
rounded in the commutation intervals when the supply reactance is included in the 
analysis. As a result the line current is no longer independent of a and is actually 
dependent on both a and J..L. Correction factors presented in [11] have been adjusted 
for the case under investigation to give an expression for the total RMS line current 
including harmonics as 
h = (3 + v'3) Id _ (6 + 2v'3) Id {sin (J..L) [2 +cos (2a + J..L~] 
6 2 + v'3 27r [cos (a)- cos (a+ J..L)] (2.37) 
J..L [ 1 + 2 cos (a) cos (a + J..L)] } 
[cos (a)- cos (a+ J..L)] 2 
34 
The effect of commutation is a reduction in current harmonics. However, the 
reduction is nonlinear and also depends on a and J-L. Current harmonics still occur at 
frequencies obtained in Equation 2.16 and can can be expressed using the following 
equation [13] 
h = 11 { [sin [(h- 1) J-L/2]] 2 + [sin [(h + 1) J-L/2]] 2 ( 2.38) 
h [cos (a) - cos (a + J-L)] h - 1 h + 1 
_ 2 [sin [(h- 1) J-L/2]] [sin [(h + 1) J-L/2]] (2 )}
1
/
2 
h - 1 h + 1 cos a + J-L 
where 11 is the magnitude of the fundamental component and his a value obtained 
from Equation 2.16. The fundamental component of the line current neglecting com-
mutation effects now requires a correction factor to be accurate for the case including 
supply reactance. An expression for the correction factor was obtained from [11] and 
is included below in Equation 2.39. 
1 1 
= v'6 Id { [cos (a)+ cos (a+ J-L)l 2 + [2J-L +sin (2a) - sin (2a + 2J-L)l 2 }
112 
1r 2 4 [cos (a) -cos (a+ J-L)] (2.39) 
An expression for the power drawn by the converter is similar to that obtained in 
Equation 2.19 and can be written as 
3v'2 P = Vdld = -VLLid [cos (a)+ cos (a+ J-L)] 
7r 
(2.40) 
The power factor can still be calculated using Equation 2.21, however the dis-
placement power factor changes to 
1 
DP F = 2 [cos (a)+ cos (a+ J-L)] (2.41) 
As in the previous section increasing a will reduce the power factor. However, J-L now 
also serves to reduce the power factor. 
2.2.3 Normal Operation 
Under normal operation the converter will not operate with a constant current 
load the power system will not provide an ideal sinusoidal voltage waveform, bal-
anced between the phases, nor will the components used in the power supply be 
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-perfectly matched. Each of these system parameters will cause deviations from the 
ideal analysis presented in this chapter. In addition, controller imperfections will also 
cause further deviations from the ideal case. 
The effects of non-ideal conditions on the controlled rectifier operation are most 
easily observed in the harmonics generated by the converter. Since the load is not a 
constant current source the line currents will not have a flat top and the characteristic 
harmonics will be different than those predicted for the ideal case [28]. Any modula-
tion in the DC voltage will cause current harmonics on the AC system (14]. Since the 
arc will randomly change in length at various frequencies non-characteristic voltage 
harmonics will be produced at the load and cause distortion on the AC system. This 
distortion can be at any frequency and as such will causes interharmonic distortion, 
as well as, harmonic distortion. 
Any unbalance in the supply voltages will cause firing angle asymmetries that 
lead to an increase in the levels of triplen harmonics, particularly those of the third 
order [13]. Impedance and firing angle imbalance between both 6-pulse groups will 
result in non-characteristic harmonics at orders 6k ± 1. This current imbalance can 
also cause problems with proper operation of the interphase transformer (29], used to 
parallel the outputs of both 6-pulse converters. If the thyristors in the positive and 
negative valve groups begin to conduct at slightly different offsets from the intended 
firing angle then even order harmonics will be produced on the AC system [13]. 
The magnitude of these even order harmonics will be decreased as the commutation 
overlap angle is increased. 
These non-ideal conditions not only cause changes to the predicted harmonic 
spectrum but also increase power quality problems and decrease the system efficiency. 
The deviations also change the expected relationship between the firing angle and the 
output parameters. As such the control system must be robust enough to operate 
under the various conditions and still effectively maintain the desired setpoint at the 
output. This is generally achieved by using a controller with a feedback loop. 
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2.3 Converter Control 
In order to maintain a constant setpoint the controlled rectifier power supply uses 
a feedback PI controller. The control variable is either the total current or power 
into the furnace. Additional modes for constant voltage and constant firing angle are 
sometimes included but not normally used. In the case of power control a current 
limit is included to protect the equipment from additional stress without tripping the 
protection relays. Since there are two bridge circuits connected in parallel a current 
balancing loop is also included in each control configuration to ensure that the total 
current is shared equally. 
Typical control block diagrams for constant current control constant power con-
trol and constant power control with current limit are presented in this section. 
Controller response to a change in setpoint is also provided for a constant resistive 
load scaled to provide typical current and power levels associated with the operation 
of a 50 MW smelting furnace. For the purpose of this section the load is set to 14mf2 
and the transformer secondary voltages are set to 920 V. 
Transient response for both current control and power control is investigated by 
applying a ±10% step change in setpoint and measuring the transient response param-
eters. Parameters are recorded for both increasing setpoints and decreasing setpoints 
to show controller linearity. The current limiting function within the power controller 
is shown to function properly by applying a slowly varying power setpoint which re-
sults in currents above the set limit. All tuning was performed using the stability 
limit method [49], while the controller response characteristics are those presented 
in [50]. 
Power control is most often used during normal operation since smelting is a 
continuous process which relies on a constant power to feed ratio [74] . Current control 
is used during cold startups since the load experiences many current peaks and and 
loss of arc conditions in this interval. 
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-2.3.1 Constant Current Control 
Constant current control was implemented using the control configuration outlined 
in Figure 2.12. The process variables include the output current from each bridge 
rectifier, which are filtered using a first order low-pass filter with a gain of 1 and 
a time constant of 1 rns. The current regulator was tuned using the stability limit 
method and has a proportional gain of 0.02 and an integral time constant of 0.15 
s. The balance regulator was set to have the same proportional gain as the current 
regulator and an integral time constant 10 times greater to avoid interaction between 
the two control loops. 
Balance Regulator 
Current Regulator 
Figure 2.12: Controlled Rectifier Current Control Block Diagram 
Although a slew rate limit is shown on both control signals it was determined 
through simulation that it was not required for the current controller. Instead only a 
hard limit of 0° to 90° was implemented at the output of the controller and represents 
the control range of the rectifier. Another hard limit of 0 to 1 was used at the output 
of each regulator and was required to ensure that the values into the inverse cosine 
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-functions were valid. The inverse cosine functions were required to linearize the 
controller response. 
The transient response for the current controller shown in Figure 2.12 is provided 
for reference in Figure 2.13. The nominal output current was chosen as 60 kA and the 
setpoints were switched between 54 kA to 66 kA then back again. For the positive 
step change the delay time and rise time were 2.525 ms and 4. 725 ms, respectively. 
The maximum overshoot was 1.818 kA corresponding to 2.75% and occurred at a 
peak time of 6.95 ms. The settling time based on a 2% tolerance band was 8.6 ms. 
For the negative step change the delay time and rise time were 2.425 ms and 4. 725 
ms, respectively. The maximum overshoot was 1.498 kA corresponding to 2. 77% and 
occurred at a peak time of 6.9 ms. The settling time based on a 2% tolerance band 
was 8.575 ms. When compared with the values for the positive step change these 
are slightly different which indicate that the inverse cosine function is not a perfect 
linearization block. However, it comes very close and the difference in t he maximum 
overshoot is less than 500 A. 
2.3.2 Constant Power Control 
Constant power control was implemented using the control configuration outlined 
in Figure 2.14. The process parameters include the output current from each bridge 
rectifier and the output voltage, which are filtered using a first order low-pass filter 
with a gain of 1 and a time constant of 1 ms. The power regulator was tuned using 
the stability limit method and has a proportional gain of 0.02 and an integral time 
constant of 0.2 s. The balance regulator was set as in the previous section. 
A slew rate limit is shown on both control signals and is required to prevent 
sudden changes in the control variable. The slew rate limit functions to stabilize the 
controller during large disturbances and for the purpose of this study was chosen as 
720°/ cycle. A hard limit of oo to 90° was also implemented at the output of the 
controller and represents the control range of the rectifier. Another hard limit of 0 
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Balance Regulator 
Figure 2.14: Controlled Rectifier Power Control Block Diagram 
to 1 was used at the output of each regulator and, as for the current controller, was 
required to ensure that the values into the inverse cosine functions were valid. The 
inverse cosine functions were again used to linearize the controller response. 
The transient response for the power controller shown in Figure 2.14 is provided 
for reference in Figure 2.15. The nominal output power was chosen as 50 MW and the 
setpoints were switched between 45 MW to 55 MW then back again. For the positive 
step change the delay time and rise time were 2.15 ms and 3.525 ms, respectively. 
The maximum overshoot was 2.322 MW corresponding to 4.22% and occurred at a 
peak time of 4.95 ms. The settling time based on a 2% tolerance band was 6.65 ms. 
For the negative step change the delay time and rise time were 1.85 ms and 3.35 
ms, respectively. The maximum overshoot was 1.402 MW corresponding to 3.12% 
and occurred at a peak time of 5.25 IDS. The settling time based on a 2% tolerance 
band was 6.125 IDS. When compared with the values for the positive step change 
these are slightly different which indicate that the inverse cosine function is not a 
perfect linearization block. Although the difference is greater than that observed in 
the current controller it comes very close and the difference in the maximum overshoot 
is less than 920 kW. 
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2.3.3 Constant Power Control With Current Limit 
Normally when constant power control is used a current limit is also imposed 
to keep within the equipment ratings. The control configuration chosen for power 
control with current limit is provided for reference in Figure 2.16 and is a combination 
of the first two configurations. The proportional gains and integral time constants in 
the power regulator, current regulator , and balance regulator are the same as those 
previously specified. The slew rate limit was set as in the power controller. 
Current Regulator 
Balance Regulator 
Figure 2.16: Controlled Rectifier Power Control with Current Limit Block Diagram 
To verify that the current limit functions correctly the power setpoint was slowly 
varied between 45 MW and 55 MW with a current limit of 60 kA. The results are 
presented in Figure 2.17 and show the current being limited to 60 kA. It can also be 
observed that when in current limiting mode power control is lost. 
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2.4 Summary 
A description of the configuration and operation of the controlled rectifier power 
supply has been presented in this chapter. The converter is intended for high power 
operation and has been implemented in various applications including the majority 
of electric smelting furnace power supplies. Generally for high current operation 
the converter is arranged in the 12-pulse configuration with the outputs connected 
in parallel. This requires that the output reactors are arranged in such a way to 
promote current sharing between the bridge circuits. The thyristors are also arranged 
to improve current sharing and are connected in parallel to carry the required process 
current . 
Under normal operation each bridge circuit will alternate between two thyristors 
conducting in the conduction interval to three thyristors conducting in the commu-
tation interval. For the entire converter this results in the 5-4 mode of operation and 
will most often be encountered in electric smelting furnace power supplies. It is possi-
ble to have more thyristors conducting. However, this only occurs at elevated current 
levels which tend to increase the commutation overlap angle. Equations presented in 
this chapter are only valid for commutation overlap angles up to 60°. 
Equations were provided for the ideal case of constant current output with and 
without supply reactance. The analysis focused on the the line current magnitude 
and harmonics, power and power factor , and the output voltage and harmonics. 
The harmonics were shown to be dependent on converter number and amount of 
reactance in the supply. It was also shown that increasing the firing angle reduces 
the power factor at the input and the voltage at the output. The reduction in power 
factor represents a major drawback in using the controlled rectifier technology and 
dictates that the converter transformers be equipped with tap changers to partially 
compensate. 
Equations for power and current were shown to include a cosine term and this 
was used in the control configurations to linearize the response. Converter control 
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for both constant current and constant power was described and shown to function 
properly during transient disturbances. The response to a positive step change and 
a negative step change in setpoint were slightly different indicating that a degree of 
nonlinearity still exist. However, the differences were small and acceptable for the 
required application. The power controller was also shown with a current limit, which 
represents the actual case and was shown to function correctly. A balance regulator 
was included in each configuration to ensure that both bridge circuits shared the 
output current equally. 
The performance of the controlled rectifier presented in this chapter can be im-
proved by increasing the pulse number or by adding filter capacity at the input. The 
pulse number can be increased by adding bridge circuits and using transformers that 
provide the required phase shift. This will effectively reduce the harmonics at the 
input and the ripple at the output, such high pulse number converters are not usually 
employed due to additional transformer requirements. If harmonics and power factor 
become a problem the solution is to provide a fixed filter bank at the input. The 
filter bank can be tuned to reduce the dominant harmonic components and provide 
a leading power factor to compensate for converter operation. 
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Chapter 3 
Uncontrolled Rect ifier Chopper 
Power Supply 
The uncontrolled rectifier chopper power supply uses diodes to convert the low 
voltage AC at the transformer secondary into fixed low voltage DC at the rectifier 
output. The choppers then convert this fixed DC voltage into controlled low voltage 
DC at the converter output. The power supply consists of rectifier transformers, diode 
bridge rectifiers, DC link capacitors, IGBT chopper sections, and output reactors. To 
date the uncontrolled rectifier chopper technology has been installed on one low power 
smelting furnace and several plasma torch applications. Similar power supplies have 
traditionally been used in low power motor drives and for DC traction. 
In the following sections the basic concepts and equations required to analyze 
the uncontrolled rectifier chopper power supply are presented. Rectifier equations 
are developed for the ideal case of constant voltage output under discontinuous and 
continuous current conduction. Chopper equations are developed assuming that the 
input voltage is constant and that the output current is constant. Rectifier input pa-
rameters of interest include the RMS line current and harmonic magnitudes, power, 
and power factor. Chopper output parameters include the average voltage and har-
monic magnitudes. Waveforms depicting various operating conditions are also pro-
vided throughout the chapter to illustrate converter operation. 
Although the assumptions made in the development of the equations are appropri-
47 
-ate to approximate the steady-state operation of the converter they do not illustrate 
the dynamic performance of the converter. In order to show the performance, closed-
loop simulations were performed for constant current output , constant power output, 
and constant power output with current limit. In each case plots are provided depict-
ing the converter response to a step change in setpoint, as well as setpoint tracking 
performance. Simplified block diagrams showing the control structure are also pro-
vided for completeness. 
The converter investigated in this chapter was a 12-pulse diode bridge at the input. 
Each 6-pulse rectifier provides a fixed DC voltage, which is controlled using multiple 
chopper sections connected in parallel at the output. The analysis assumes that 
all devices are ideal and perfectly matched with synchronized control signals. Since 
this is not the case in practice a section providing additional sources of information 
pertaining to non-ideal operation is also included. The chapter concludes by listing the 
benefits and problems associated with the uncontrolled rectifier chopper technology, 
and several methods to improve the power supply performance are suggested. 
3.1 Major Components 
The uncontrolled rectifier chopper power supply uses three forms of energy conver-
sion and two forms of energy storage to convert the AC mains frequency, at the plant 
medium voltage bus, into controlled low voltage DC at the output. The power supply 
consists of rectifier transformers (energy conversion), uncontrolled diode converters 
(energy conversion), DC link capacitors (energy storage) , DC/ DC choppers (energy 
conversion), and output reactors (energy storage). A 12-pulse rectifier 2-phase chop-
per intended for use in an electric arc furnace power supply is provided for reference 
in Figure 3.1. 
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Figure 3.1: Simplified 12-Pulse Uncontrolled Rectifier Chopper Power Supply 
3.1.1 Rectifier Transformers 
The converter transformers are standard rectifier transformers and are not spe-
cially designed for electric arc furnace duty. This is possible since the harmonic 
loading and power factor seen at the transformer are those associated with operation 
of the diode bridge rectifier. The operation is essentially the same as that presented in 
Chapter 2 for the controlled rectifier power supply with a = oo. Since phase control 
is not employed in the uncontrolled rectifier case the transformer size can be reduced 
by up to 25% [8) . 
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As with the controlled rectifier power supply additional windings are used to 
increase the converter pulse number. For instance in Figure 3.1 the combination of a 
6./ 6. transformer and a 6./Y transformer are used to obtain 12-pulse operation. The 
configuration depicted in Figure 3.1 also shows that the output from each transformer 
is used to supply a separate uncontrolled DC voltage. Chopper sections are then 
used to independently control and balance the amount of current drawn from each 
transformer. This allows some voltage mismatch at the transformer secondary and it 
has been stated that the uncontrolled rectifier chopper power supply can tolerate as 
much as 4% unbalance [8] between both transformers. 
Mechanically the transformers need to be designed to withstand large currents, 
however, the reduction in harmonics generally dictate that the K factors can be re-
duced to 2 or 3 [8]. Reduced harmonics also eliminate the need for heat exchangers 
and water requirements within the transformer cooling circuit. Transformer cooling 
is normally achieved using an ONAF combination, in situations where the cooling 
requirements are greater or less , an oil-natural air-forced (OFAF) or oil-natural air-
natural (ONAN) combination may be used, respectively. Unlike the controlled recti-
fier power supply tap changers are not required when using the uncontrolled rectifier 
chopper power supply. 
3.1.2 Uncontrolled Rectifiers 
The uncontrolled rectifier utilizes power diodes in the bridge circuits to convert 
the AC voltage to DC voltage. Power diodes are similar to thyristors without gating 
control and are used in other high power applications including aluminum pot lines 
and other chemical refining processes which require a relatively fixed DC voltage. The 
diode will turn-on and begin to conduct once there is a positive voltage across the 
device. As with the thyristor device turn-off is governed by the zero-crossing of the 
line current. Power diodes are available with mean current ratings in excess of 5000 
A and voltage ratings up to 10000 V. A typical rectifier diode data sheet applicable 
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for an EAF power supply is provided for reference in Appendix A. 
Since the furnace will normally be operated at high current levels the diodes 
will need to be connected in parallel to provide the necessary amount of current to 
the process. Current sharing is accomplished by arranging the bridge circuits with 
three continuous AC conductors [19]. This is the same configuration used for the 
controlled rectifier power supply and relies on the magnetic fields between the devices 
to distribute the current equally. The benefit in using this approach is that current 
sharing is obtained without adding inductance in series with the individual diodes. 
High currents within the bridge circuit also require that the diodes be cooled 
using deionized water. The deionized water is pumped through a closed circuit heat 
exchanger that may be part of an WFAN or WFWF arrangement, depending on the 
cooling requirements. A conductivity meter is also required in the cooling circuit for 
protection. 
The power supply is partially protected using overcurrent relays to trip the main 
breaker. Additional protection is provided to the major components using temper-
ature detectors, pressure sensors, flow meters, and level indicators to monitor the 
cooling system and to trip the main breaker in the event of a potential problem. 
The power supply is protected from transient voltages using surge arrestors will be 
connected between phases, and between phases to ground. A damping circuit will be 
installed in parallel with the arrestors at the input as shown in Figure 3.2 
The diodes are protected from excessive fault currents, as well as the rate of 
change in voltage and current using a combination of fuses and snubber circuits. The 
protection and snubber circuits used in the uncontrolled rectifier power supply are 
shown in Figure 3.2. 
The arrangement is similar to that used in the controlled rectifier power supply 
whereby a dv I dt snubber is used in conjunction with a current limiting fuse on each 
device. The di I dt protection is provided to all diodes through the transformer reac-
tance at the input and the DC reactors at the output. Snubbers for bridge circuits 
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Figure 3.2: Uncontrolled Rectifier Chopper Protection Circuit 
are discussed further in [15, 20], while information on DC fusing in semiconductor 
circuits is provided in [21]. 
3.1.3 DC Link Capacitors 
The DC link capacitors are required to sustain any mismatch between the rectifier 
output current and the chopper input currents. The capacitors are also used to filter 
the ripple voltage from the diode bridge converter to provide a near constant DC 
voltage at the input to the chopper modules. 
When used in this application the capacitors are required to sustain a constant rip-
ple voltage from the bridge rectifier. In order to ensure maximum reliability film type 
self-healing capacitors are used. Unlike electrolytic capacitors, film type capacitors 
fail in the open-circuit condition and as such do not damage other components. 
3.1.4 Chopper Sections 
The chopper power supply uses insulated gate bipolar transistors (IGBT) as the 
controlling element. IGBTs are power electronic devices that permit the control of 
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-both turn-on and turn-off. IGBTs are commonly used in low power motor drives. 
However, recent advancements in semiconductor technology have permitted devices 
to be constructed with ratings applicable for some high power applications. Devices 
are now commercially available with mean current ratings in excess of 1500 A and 
voltage ratings up to 6500 V. A typical IGBT data sheet applicable for an EAF power 
supply is provided for reference in Appendix A. 
The chopper module used in the EAF power supply is of the single-quadrant 
step-down configuration. This is often referred to as a type A chopper and essentially 
means that current can only be conducted in one direction and that the output voltage 
must be lower than the input voltage [30]. The basic circuit configuration is depicted 
in Figure 3.3 and includes an input capacitor, a transistor switching element , and 
a freewheeling diode. For high current applications it is often necessary to connect 
multiple IGBTs and freewheeling diodes in parallel to increase the current rating of 
the individual modules. 
N 
ht l 
Input I IGBT 
Capacitor 
== 
Freewheeling 
Diode 
p 
N 
Figure 3.3: Basic Chopper Module 
The DC link capacitor was described in the previous subsection and is intended 
to provide a constant voltage at the input to the chopper module. Since the load is 
assumed to a reactive component the freewheeling diode is required to provide a path 
for the energy released by the load inductance when the switch is in the open position. 
Without the freewheeling diode this energy would be dissipated in the IGBT, possibly 
destroying the switch. As an additional protection measure a fast acting diode is also 
installed across the IGBT to allow some current conduction in the opposite direction. 
This is a common feature and most manufactures include the IGBT and fast acting 
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-diode in a common package. 
The power supply shown in Figure 3.1 consists of two multiphase chopper units, 
which are supplied from two separate unregulated DC buses. Each chopper unit con-
sists of two chopper sections, which contain a number of chopper modules connected 
in parallel to provide the necessary current rating for the load requirements. For an 
EAF power supply the chopper sections and chopper units will also be connected in 
parallel at the output to further increase the current rating. 
The connections within the individual modules and between modules are described 
in [33] and are shown for a two section chopper unit in Figure 3.4. Each module 
consist of two IGBTs and two freewheeling diodes connected in parallel. Each section 
consist of four chopper modules connected in parallel. When paralleling individual 
modules it becomes necessary to include a small inductance at the input and output 
to ensure proper current sharing. When connecting chopper sections or chopper units 
in parallel more reactance is added at the output of each section. The current rating 
of the structure is easily increased be adding more modules to each section. 
In addition to paralleling devices the high currents dictate that the IGBTs be 
water cooled. Unlike the thyristors and power diodes the IGBTs are available in 
isolated base plate modules that provide isolation between the heatsink and electrical 
circuit [32], hence deionized water is not required. The water is pumped through a 
heat exchanger that may be part of a WFAN or WFAF arrangement, depending on 
the cooling requirements. 
As with the bridge rectifier the chopper modules need snubbers to function cor-
rectly and fuses for protection. Device protection and snubber circuits required for 
a chopper module are provided for reference in Figure 3.5. As in the bridge circuit 
the snubbers are required to limit the di/dt and dvjdt. However, for a controlled 
switch the snubbers are also required to keep within the device safe operating area 
and to limit the power dissipation that occurs during switching [31]. One snubber is 
generally used to control the turn-off transition and another to control the turn-on 
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For the chopper module a combined snubber will be used to control both the turn-
off transition and the turn-on transition. The snubber consist of a polarized capacitor, 
diode, resistor, and an inductor. Since switching the IGBT also changes the state of 
the freewheeling diode it will also require the same type of snubber. This snubber 
is required to make the transition slow enough to keep the forward recovery voltage 
and reverse recovery current of the freewheeling diode from excessively stressing the 
IGBT [31) . Snubbers for transistor switching circuits are discussed further in [31 ,37) . 
Other protection features in the chopper module include fuses a resistor across 
the input capacitor, and a surge arrestor at the output. The fuses are required to 
protect the devices from overcurrent and are placed at the input to the module 
and in series with both the IGBT and freewheeling diode. The resistor across the 
55 
-N N 
Rds '7 Dds 
,.----- ~ Dr '---
R == c cds lT Surge 
'-----
Arrestor 
-
Rss 
n .. I c .. Fd 
.... 
I p Fin Lin IGBT_L FOUl LOU I p rvv-v-.. rvv-v-.. 
n 
Figure 3.5: Chopper Protection Circuit 
capacitor is required to provide a discharge path when the power is turned off and to 
ensure equal voltage sharing across capacitors connected in series. The surge arrestor 
is required to protect the devices from voltage transients on the load side of the 
converter. Additional information on DC fusing in semiconductor circuits is provided 
in [21]. 
3.1.5 Output Reactors 
The output reactors are required to ensure current sharing between the chopper 
sections and to sustain any difference between the chopper output voltage and process 
load voltage. Unlike the reactors used in the controlled rectifier power supply the 
chopper reactors are iron core choke reactors. Choke reactors are used to minimize 
losses when operating at low power. 
The reactors are required to carry large currents and as such require water cooling. 
The reactors are connected between the chopper section outputs and the secondary 
buswork that connects the power supply to the furnace electrodes. 
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3.2 Rectifier Operation 
In this section the rectifier is supplied from an inductive source and is assumed to 
drive a constant voltage load. Unlike the case for constant current loading presented 
in Chapter 2 analytical expressions for the constant voltage case are not readily 
available in the literature. Although Schaefer [11] does devote a chapter to these 
types of converters, analysis of the 6-pulse bridge is mainly focused on discontinuous 
conduction, noting that analysis for the continuous case becomes more complex. 
Hancock [39] does analyze the 6-pulse bridge with a constant voltage load from 
open-circuit to short-circuit and defines the various modes of operation under different 
supply impedance configurations. The results are presented graphically and clearly 
show four modes of operation, two discontinuous modes referred to as the 2-0 mode 
and the 2-3-2-0 mode, and two continuous modes referred to as the 3-2 mode and the 
3-3 mode. The paper goes on to explain that for a purely resistive supply only the 
2-0 mode and 3-2 mode are present. 
The work presented by Hancock [39] was analyzed further in [40] for an inductive 
supply and provides the boundaries between the various modes in terms of voltage 
regulation. For instance the 2-0 mode occurs for small regulation values between 
0.958 < Vc/VLL < 1 in which the rectifier produces a discrete pulse every 60°. This 
is the simplest mode to analyze and will be used to introduce the operation of the 
converter in Section 3.2.1. The 3-2 mode occurs for higher regulation values between 
0.746 < Vc/VLL < 0.9496. This will be the most common mode for the electric arc 
furnace power supply and will be analyzed in detail in Section 3.2.2. 
The 2-3-2-0 mode occurs in a small regulation range between 0.9496 < Vc/VLL < 
0.958. As with the 2-0 mode the 2-3-2-0 mode is not expected to occur during normal 
operation of the electric arc furnace power supply. The 3-3 mode occurs for regulation 
values between 0 < Vc/VLL < 0. 7 46 in which case three diodes are always conducting. 
The phase currents become more sinusoidal, however, the amount of regulation is 
impractical for normally rated conditions. A simplified analysis of the 3-3 mode is 
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provided in [42] and shows the shape of the line-to-neutral voltage at the load side of 
the supply reactance. 
When both bridge circuits are included in the analysis , modes of operation similar 
to those presented in Chapter 2 will be obtained. For instance if both converters are 
independently operating in the 2-3 mode then it is possible for the combined con-
verters to be in the 5-4 mode, the 5-5 mode, or the 6-5 mode. The combined mode 
will depend on the amount of voltage regulation, which has the effect of changing the 
commutation overlap angle. This concept will be further illustrated in the proceed-
ing two subsections. As with the controlled rectifier power supply the uncontrolled 
rectifier will generally operate in the 5-4 mode. 
3.2.1 Constant Voltage Load Discontinuous Conduction 
The assumption of discontinuous current is not practical since even a small amount 
of reactance in the supply will ensure that the currents are continuous. However, the 
case is useful in describing the basic operation of the converter and is presented in 
detail. For the purpose of this section the 2-0 mode will be analyzed since it represents 
the simplest discontinuous case. 
Since each bridge circuit in the power supply feeds a separate chopper section the 
analysis focuses on one 6-pulse bridge with an inductive source. The line currents 
and power factor expected at the primary of the transformers are analyzed assuming 
that the load voltages from each 6-pulse rectifier are equal. 
Furthermore, for this section and the next, it is assumed that all supply reac-
tance is included in the transformers and is be referred to the secondary side. These 
simplifications mean that the transformers are decoupled magnetically and that the 
supply voltages at the primary of the transformers are ideal. Based on the circuit 
configuration depicted in Figure 3.1 the line-to-neutral voltages of bridge 1 will lag 
those of bridge 2 by 30°. The following open-circuit voltages are assumed on the 
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secondary side of the rectifier transformers 
s y'2 ( K) 
van!= yl3 VLL COS wt- 3 (3.1) 
s y'2 ( ) 
vbn1 = yl3 VLL cos wt - K (3.2) 
s y'2 ( K) 
vcn1 = yl3 VLL cos wt + 3 (3.3) 
s y'2TT ( K) Van2 = yl3 V££ COS Wt- 6 (3.4) 
s y'2 ( 5K) 
vbn2 = yl3 VLL cos wt - 6 (3.5) 
s y'2 ( K) vcn2 = yl3 VLL cos wt + 2 (3.6) 
In order to transfer the line currents from the secondary of the furnace transform-
ers to the primary, the ~/Y currents need to be properly transformed and added to 
the currents from the~/~ transformer. Assuming a 1:1 turns ratio in the transform-
ers the primary currents can be expressed using the following equations: 
Since the output voltage is constant it does not require analysis. However, a 
suitable value must be chosen to operate in the 2-0 mode. Assuming that the voltage 
regulation is 0.975 and line-to-line voltages are 1 pu then the required output voltage 
would be 1.3789 pu. In order to present values that are not dependent on circuit 
parameters the line currents are normalized using the per-phase short-circuit current 
from each 6-pulse bridge [15]. 
I - VLL 
dO- yi3wL 
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(3.10) 
To aid in the analysis two additional angles are defined and referred to as the 
delay angle, {3 , and the extinction angle, f. The delay angle represents the point at 
which current begins to flow and if we assume a sine wave as the reference it can be 
determined from Equation 3.11 [11]. 
( Vc sin {3) = tn 
v2VLL 
(3.11) 
At {3 the line-to-line voltage exceeds the capacitor voltage and conduction through 
a pair of diodes begins. The current will continue to rise until 180° - {3 at which time 
the line-to-line voltage decreases to a value below the capacitor voltage. The current 
will now start to decrease and the time required to go to zero can be determined. 
The point at which conduction stops is referred to as the extinction angle and can be 
determined by solving Equation 3.12 [11]. 
cos ({3) - cos (!) = (! - {3) sin ({3) (3.12) 
For the 2-0 mode each 60° interval consists of a period of no conduction followed 
by a period when two devices are conducting. For the period when two devices are 
conducting the line-to-neutral voltages can be determined using Equations 3.13 to 
3.15. 
Van+ Vbn ± "Vc (3.13) Van= Vbn = 2 
Vbn + Vcn ± 'Vc (3.14) Vbn = Vcn = 2 
Vcn +Van± "Vc (3.15) Vcn =Van= 2 
To obtain the correct line-to-neutral voltages in the positive and negative half-cycles 
the capacitor voltage will need to have the matching polarity. For the period when no 
devices are conducting the line-to-neutral voltages will be equal to the open-circuit 
voltages presented in Equations 3.1 to 3.6. 
Since the voltages at the primary and secondary of the rectifier transformers are 
now known the voltage drop in the supply reactance can be determined. This voltage 
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drop is used to obtain instantaneous currents in the conduction intervals. Simplified 
expressions for the line currents are provided in [40], and are rewritten for the case 
presented in this section. The correct equations for the positive half-cycle are pro-
vided. Since the waveform is symmetric, the same equations are applicable to the 
negative half-cycle by changing the polarity and increasing the phase shift angle, ¢, 
by 180°. 
The current in the positive half-cycle consists of four intervals. The first interval 
occurs between {3 < wt < /, and the current in this interval can be written as 
. ~VLL [ ( 1r ) ( 1r ) . ] ?.[1 = 2wL cos ({3)- cos wt + 3- ¢ + {3- wt- 3 + ¢ sm ({3) (3.16) 
This represents the first conduction interval. The second interval occurs between 
1 < wt < {3 + 1r /3, and the current in this interval can be written as 
·s 0 
'll2 = (3.17) 
This represents the non-conduction interval within the positive half-cycle. The third 
interval occurs between {3 + 1r /3 < wt < 1 + 1r /3, and the current in this interval can 
be written as 
~VLL 
2
wL [cos ({3) -cos (wt- ¢) + ({3- wt +¢)sin ({3)] (3.18) 
This represents the second conduction interval. The fourth interval occurs between 
1 + 1r /3 < wt < {3 + 1r and the current in this interval can be written as 
·S 0 
'll4 = (3.19) 
This represents the non-conduction interval between the positive half-cycle and the 
negative half-cycle. 
To illustrate the operation of the uncontrolled rectifier with a constant voltage load 
and discontinuous current conduction several plots for voltage regulation of 0.975, 
0.968, 0.961, and 0.950 are presented in Figures 3.6 to 3.8. Figures 3.6 and 3.7 depict 
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the AC voltages and currents expected at the secondary of the i:::l./ l:::l. transformer and 
l:::l./Y transformer, respectively. Figure 3.8 shows the same information combined at 
the primary of the rectifier transformers. The first three cases show each rectifier 
operating in the 2-0 mode, whereas the fourth case shows each rectifier operating in 
the 2-3-2-0 mode. All waveforms are plotted over a 20 ms period and are intended to 
represent one cycle at a power system frequency of 50 Hz. 
Since the line currents at the secondary of both transformers consist of two distinct 
pulses per half-cycle it can be concluded that the output current from each bridge 
circuit is discontinuous. For the case showing operation with a voltage regulation of 
0.975 both 6-pulse rectifiers independently operate in the 2-0 mode. However, the 
combined line currents at the primary of the transformers suggest that the 12-pulse 
rectifier is operating in the 4-2 mode. This is possible since the combined currents 
consist of one component from the i:::l./ l:::l. transformer plus the phase shifted component 
from the l:::l./Y transformer. 
The RMS line current will increase as the voltage regulation decreases. For the 
purpose of this section the total RMS line current is written in integral form to keep 
the equations as short as possible. Based on the four intervals described above the 
total RMS line current including harmonics can be written as 
( V2 + v'6) { 1 lo'Y 2 1 lo'Y+'Ir /3 2 } 112 IL = 2 - i[1 (wt) d (wt) + - i[3 (wt) d (wt) 7r {3 7r {3+7r /3 (3.20) 
where i[1 and i[3 represent the instantaneous currents in intervals one and three, 
respectively. The integrals inside the square root represent one half-cycle of one 6-
pulse bridge only, whereas the factor outside the square root provides the necessary 
correction to take into account the contribution from both rectifiers at the primary 
of the transformers. Since the waveform is symmetric one half-cycle is sufficient to 
give the correct result for the total RMS line current. 
Assuming that the bridge currents and output voltages are balanced, harmonics 
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-in the line currents occur at the following frequencies 
h = 12k ± 1 (3.21) 
where k is an integer. The harmonics will depend on the voltage regulation and can 
be determined from Fourier analysis of the line current waveform as 
(3.22) 
where h is the magnitude of the fundamental component and ah and bh are coefficients 
determined from Equations 3.23 and 3.24, respectively (14]. 
217 2l7+7T /3 
ah = - i[1 (wt) cos (hwt) d (wt) + - i[3 (wt) cos (hwt) d (wt) 
1f {3 1f f3+7T /3 
(3.23) 
2/o'Y 217+7T /3 bh = - i[1 (wt) sin (hwt) d (wt) +- i[3 (wt) sin (hwt) d (wt) 
1f {3 1f {3+1T /3 
(3.24) 
The fundamental component of the line current can also be determined from Fourier 
analysis by setting h in Equations 3.23 and 3.24 to 1 and solving Equation 3.25. 
(3.25) 
The displacement power factor can be determined by taking the cosine of the 
phase angle between the fundamental components of the line-to-neutral voltage and 
the line current. The displacement power factor for the uncontrolled rectifier with 
supply reactance and a constant voltage load can be determined as 
D P F = cos [ 01 - tan -l ( ~:) l (3.26) 
where 01 is the phase angle of the fundamental component of the line-to-neutral 
voltage and a 1 and b1 are determined from Equations 3.23 and 3.24 by setting h to 1. 
This term alone is not sufficient to describe the power factor and will not give 
accurate results when harmonics are present. The correct equation for power factor 
taking into account harmonic distortion can be written as 
(3.27) 
where IL is the RMS value of the line current taking into account all significant 
harmonic components. 
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3.2.2 Constant Voltage Load Continuous Conduction 
For this case the rectifier is still supplied from an inductive source and feeds a 
constant voltage load. However, the regulation is such that the load current is now 
continuous. As in the previous subsection the analysis is restricted to one 6-pulse 
bridge only. The line currents and power factor expected at the primary of the furnace 
transformers are analyzed assuming that the load voltages from each 6-pulse rectifier 
are equal. All other assumptions regarding system reactance and reference voltages 
used in the previous subsection also apply equally to the continuous conduction case. 
To accurately represent the EAF nominal operating characteristics the voltage 
regulation is chosen such that the combined converter operates in the 5-4 mode. This 
requires each bridge circuit to operate in the 3-2 mode with enough overlap to provide 
the desired effect. To obtain a typical operating condition the voltage regulation is 
set to 0.900. Assuming that the line-to-line voltages are 1 pu then the required 
output voltage would be 1.2728 pu. As in the previous subsection the line currents 
are normalized using Equation 3.10. 
A sine wave is chosen as the reference as this allows the delay angle to be obtained 
using Equation 3.11. In the continuous case conduction begins slightly before the line-
to-line voltage exceeds the capacitor voltage. The amount before will be denoted by 
angle 7j; [40], and can be determined by solving Equation 3.28. 
( 7r) Vc sin 7/J + - = lc 6 v6VLL (3.28) 
The extinction angle is no longer applicable to the continuous conduction case. 
Instead, the commutation overlap angle introduced in Chapter 2 is again used to 
represent the amount of overlap. Since the load current is no longer constant the 
definition of the commutation overlap angle is written in terms of two additional 
angles as 
(3.29) 
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where c-1 and c-2 can be determined by solving Equations 3.30 and 3.31 [40]. 
( 7f) Vc COS c1 +- = ;e 6 v6VLL (3.30) 
sin ( c1 + i) +COS (c2) = (1r + c1 + c2) COS ( c1 + i) (3.31) 
For the period when two devices are conducting the line-to-neutral voltages can be 
determined using Equations 3.13 to 3.15. For instance, if current is being conducted 
through Phases A and B then Equation 3.13 must be used. For the period when three 
devices are conducting the line-to-neutral voltages can be determined using any one 
of Equations 3.13 to 3.15, which contains that Phase. For instance if all phases are 
conducting and Phase A line-to-neutral voltage is required then either Equation 3.13 
or 3.15 would give the correct result. To obtain the correct line-to-neutral voltages 
in the positive and negative half-cycles the capacitor voltage will need to have the 
matching polarity. 
Since the voltages at the primary and secondary of the rectifier transformers are 
now known the voltage drop in the supply reactance can be determined. This volt-
age drop is used to obtain the instantaneous line currents in the various conduction 
intervals. Simplified expressions for the line currents are provided by Rice [28], and 
are rewritten for the case presented in this section. The correct equations for the 
positive half-cycle are provided. Since the waveform is symmetric the same equations 
are applicable to the negative half-cycle by changing the polarity and increasing the 
phase shift angle, ¢, by 180°. To simplify the equations two constants are used and 
can be written as 
lei= Id _ ~i [2 sin (1r /6- J-L/2)- (1r /3- J-L) sin (1r /3- J-L/2)] 
(7r/3) (1- sin (7r/3 + J-L/2)) 
.J2VLL [ (7r ) ( 7r ) . ] Ic2 = lc1 - 2wL cos (/3) -cos 3 + J-L- 7/J + /3 - 3 - f-L + '1/; sm (/3) 
(3.32) 
(3.33) 
where ~i represents the ripple component in the output current and can be deter-
mined as 
.J2VLL [ ( 7r) (27r ) ] ~i = 2wL cos (/3) +cos J-L + 3 - 3 - f3- J-L sin (/3) (3.34) 
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For the 6-pulse rectifier each half-cycle consists of six intervals. The first interval 
occurs between '1/J < wt < J.L- '1/J, and the current in this interval can be written as 
is = Icl [1- COS (wt + '1/J- ¢)] 
l1 1- cos (J.L) (3.35) 
This represents the first commutation interval in which the current begins to rise from 
zero. The second interval occurs between J.L- '1/J < wt < 1r /3- '1/J, and the current in 
this interval can be written as 
. y'2 VLL [ ( 7r ) ( 7r ) . ] z[2 = 2wL cos ({3) - cos wt + 3 - ¢ + {3 - wt - 3 + ¢ sm ({3) + Ic2 (3.36) 
This represents the first conduction interval after the commutation period has ended. 
The third interval occurs between 1r /3- '1/J < wt < 1r /3 + J.L- '1/J, and the current in 
this interval can be written as 
{ y'2 VLL [ ( 7r ) i[3 = Id 4wL 2cos ({3)- cos wt + 3 -¢ -cos (wt- ¢) (3.37) 
This represents the second commutation interval that occurs between the opposite 
two phases. The fourth interval occurs between 1r /3 + J.L- '1/J < wt < 27r /3- '1/J, and 
the current in this interval can be written as 
y'2VLL i[4 = L [cos ({3)- cos (wt- ¢) + ({3- wt +¢)sin ({3)] + Ic2 2w (3.38) 
This represents the second conduction interval that occurs before the current goes 
to zero. The fifth interval occurs between 27r /3- '1/J < wt < 27r /3 + J.L- '1/J, and the 
current in this interval can be written as 
s { y'2 VLL [ ( 7r ) il5 = Id 4wL 2cos ({3)- cos (wt- ¢) -cos wt- 3 -¢ (3.39) 
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This represents the final commutation interval in which the current returns to zero. 
The sixth interval occurs between 27f /3 + J-t- 'lj; < wt < 7f - '1/J, and the current in 
this interval can be written as 
(3.40) 
This represents the non-conduction interval between the positive and negative half-
cycle. Equations 3.35 to 3.40 are based on knowing the average DC current Id. An 
expression for the average DC current in integral form is provided in Equation 3.41. 
1 jJ.L- '1/J 1 171"/3-'1/J 1 17T/3+J.L-'I/J Id = - ii1 (wt) dwt +- ii2 (wt) dwt + - ii3 (wt) dwt 7f - '1/J 7f J.L- '1/J 7f 7T /3-'1/J (3.41) 
1 127T / 3-'1/J 1 127T /3+J.L-'I/J 
- ii4 (wt) dwt + - ii5 (wt) dwt 7f 7T / 3+J.L-'I/J 7f 27T /3-'1/J 
where if1 to if5 represent the instantaneous currents in intervals one to five described 
in Equations 3.35 to 3.36. 
To illustrate the operation of the uncontrolled rectifier with a constant voltage 
load and continuous current conduction, several plots for voltage regulation of 0.900, 
0.850, 0.800, and 0.740 are presented in Figures 3.9 to 3.11. Figures 3.9 and 3.10 depict 
the AC voltages and currents expected at the secondary of the f:}.j /:}.. transformer and 
f:}.jY transformer, respectively. Figure 3.11 shows the same information combined 
at the primary of the rectifier transformers. The first three cases show each rectifier 
operating in the 3-2 mode, whereas the fourth case shows each rectifier operating in 
the 3-3 mode. All waveforms are plotted over a 20 ms period and are intended to 
represent one cycle at a power system frequency of 50 Hz. 
Since the line currents at the secondary of both transformers consist of only one 
pulse per half-cycle it can be concluded that the output current from each bridge 
circuit is continuous. For the case showing operation with a voltage regulation of 
0.900 both 6-pulse rectifiers independently operate in the 3-2 mode. However, the 
combined line currents at the primary of the transformers suggest that the 12-pulse 
rectifier is operating in a 5-4 mode. This is possible since the combined currents 
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consist of one component from the f:j.j /:j. transformer and the phase shifted component 
from the f:j.jY transformer. 
The RMS line current will increase as the voltage regulation decreases. For sim-
plicity the total RMS line current is written in integral form to keep the equations 
as short as possible. Based on the six intervals described above the total RMS line 
current including harmonics can be written as 
( J2 + v'6) { 1 JJ.-1.-1/J 2 1 17f/3- '¢ 2 IL = 2 - if1 (wt) dwt +- if2 (wt) dwt 1f - 1/J 1f J-1. - 1/J (3.42) 
1 17f /3+J.l.-'¢ 2 1 127f /3-1/J 2 1 h27r /3+J.1.-'¢ 2 } 1/2 
+- if3 (wt) dwt + - i[4 (wt) dwt +- i[5 (wt) dwt 
1f 7f /3-1/J 1f 7f /3+J.l.-'¢ 1f 27f /3-1/J 
The integrals inside the square root represent an half-cycle of one 6-pulse bridge only, 
whereas the factor outside the square root provides the necessary correction to take 
into account the contribution from both rectifiers at the primary of the transformers. 
Since the waveform is symmetric an half-cycle is sufficient to give the correct result 
for the total RMS line current. 
Assuming that the bridge currents and output voltages are balanced harmonics 
in the line currents will occur at the frequencies obtained from Equation 3.21. The 
harmonics depend on the voltage regulation and can be obtained from Equation 3.22 
using the coefficients shown in Equations 3.43 and 3.44 [14]. 
21J.l.-'lj; 217f /3-'lj; 
ah = - i[1 (wt) cos (hwt) dwt +- if2 (wt) cos (hwt) dwt 
1f - 'lj; 1f J-1.-'lj; 
(3.43) 
217f/3+J.1.-'¢ 212r./3-'lj; 
+- i[3 (wt) cos (hwt) dwt + - if4 (wt) cos (hwt) dwt 
1f 1i /3-1/J 1f 7f / 3+J.1.-'¢ 
2 h27f / 3+J.1.-'Ij; 
+- if5 (wt) cos (hwt) dwt 
1f 27T/3-'Ij; 
21J.l.-'lj; 217f /3-'lj; bh = - if1 (wt) sin (hwt) dwt +- i[2 (wt) sin (hwt) dwt 
1f - 1/J 1f J-1.- 'lj; 
(3.44) 
217f /3+J.1.- 'Ij; 2127f /3-'lj; 
+- if3 (wt) sin (hwt) dwt +- if4 (wt) sin (hwt) dwt 
1f 7f / 3-1/J 1f 7f / 3+J.1.-'Ij; 
2 h27f / 3+J.1.- 'Ij; 
+- if5 (wt) sin (hwt) dwt 
1f 27f/3-1/J 
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Since the parameters of interest are now represented by Fourier analysis , the 
equations for the fundamental component of the line current, displacement power 
factor , and power factor can be determined by solving Equations 3.25, 3.26, and 3.27, 
respectively. The only change between the discontinuous and continuous cases are 
the Fourier coefficients. 
3.3 Chopper Operation 
In this section it is assumed that the chopper is supplied from an ideal ripple free 
voltage source. The function of the chopper is simply to control the output voltage 
by switching between zero and the magnitude of the uncontrolled DC input voltage. 
The switching frequency for an IGBT is generally in the low kHz range, and for the 
purpose of writing equations, it is often expressed in terms of the switching period as 
1 
Ts = -fs (3.45) 
Another simplification used to describe the chopper power supply is to express 
the ratio of time that the switch is closed to the total period defined by the switching 
frequency. This is referred to as the duty ratio and is provided for reference in 
Equation 3.46. 
D =ton 
Ts 
(3.46) 
As shown in Figure 3.1 the EAF power supply consists of multiple chopper sections 
connected in parallel. This has several benefits for a high current power supply since 
it allows the ripple to be reduced without increasing the number of power electronic 
components. When multiple chopper sections are connected in parallel the output 
frequency is increased by the number of chopper sections. Hence the ripple frequency 
at the converter output can be expressed as 
f c = nfs (3.47) 
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The number and type of devices conducting in any given period depends on the 
duty ratio. Each T5 jn interval can be divided into two subintervals, which will be 
referred to as Tx and Ty and represent periods when m and m-1 IBGTs are conducting, 
respectively. The period when m IGBTs are conducting can be determined from 
Equation 3.48, 
Tx = ( D - m: 1) Ts (3.48) 
the period when m-1 IGBTs are conducting can be determined from Equation 3.49, 
(3.49) 
where n is the number of chopper sections and m is an integer determined from the 
inequality 
m-1 m 
--- <D< -
n - n 
(3.50) 
When four chopper sections are connected in parallel this results in nine modes 
of operation. Mode 0-0 occurs when D = 0 and consists of one period in which four 
freewheeling diodes are always conducting. Mode 0-1 occurs in the range 0 < D < 
0.25 and contains a period when four freewheeling diodes are conducting followed by 
a period when one IGBT and three freewheeling diodes are conducting. 
Mode 1-1 occurs when D = 0.25 and consists of one period in which one IGBT 
and three freewheeling diodes are always conducting. Mode 1-2 occurs in the range 
0.25 < D < 0.50 and contains a period when one IGBT and three freewheeling diodes 
are conducting followed by a period when two IGBTs and two freewheeling diodes 
are conducting. 
Mode 2-2 occurs when D = 0.50 and consists of one period in which two IGBTs 
and two freewheeling diodes are always conducting. Mode 2-3 occurs in the range 
0.50 < D < 0.75 and contains a period when two IGBTs and two freewheeling diodes 
are conducting followed by a period when three IGBTs and one freewheeling diode 
are conducting. 
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Mode 3-3 occurs when D = 0.75 and consists of one period in which three IGBTs 
and one freewheeling diode are always conducting. Mode 3-4 occurs in the range 
0.75 < D < 1 and contains a period when three IGBTs and one freewheeling diode 
are conducting followed by a period when four IGBTs are conducting. 
Mode 4-4 occurs when D = 1 and consists of one period in which four IGBTs 
are always conducting. In all of the modes listed above the actual number of devices 
will be greater since each chopper section consists of multiple devices connected in 
parallel. For simplicity the descriptions have assumed that each chopper section 
consists of only one IGBT and one freewheeling diode. 
In order to minimize losses, the power supply is operated with a duty ratio in 
the range 0.60 < D < 0.80. When process changes and load fluctuations are taken 
into account this will dictate that the chopper power supply will generally operate in 
mode 2-3, mode 3-3, or mode 3-4. 
3.3.1 Constant Current Load With Output Reactance 
Under ideal operation it is assumed that the chopper is feeding a constant current 
load and is supplied from an ideal DC voltage source. Furthermore, it is assumed 
that each chopper section contains enough output reactance to maintain constant 
current output from each individual section. Although these conditions do not occur 
in practice, the case is beneficial to describe the basic operation of the converter and 
is presented in detail. Since the output current is constant it does not require analysis 
and therefore only the output voltage and power are analyzed. 
To illustrate the operation of the chopper power supply four cases are presented in 
Figures 3.12-3.14. The waveforms are for a chopper power supply of the type shown 
in Figure 3.1 operating with a switching frequency of 2 kHz. The cases represent 
D = 0.50, D = 0.60 D = 0.70, and D = 0.80 and include waveforms of the output 
voltage (Figure 3.12) , currents associated with chopper unit 1 (Figure 3.13) , and 
currents associated with chopper unit 2 (Figure 3.14). The waveforms are plotted 
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over a 2 ms period and are intended to represent 1/10 of a cycle at a power system 
frequency of 50 Hz. All resulting waveforms are normalized using Vc = 1pu and 
Id = 1pu. 
As shown in Figures 3.12-3.14 the chopper values are affected by changing the 
duty ratio. Expressions for the average quantities from one chopper section feeding 
an RL load are provided in [8] and can easily be rewritten for an n-phase chopper. 
With the assumptions made in this subsection the expression for the average output 
voltage is the same as that provided in [8] and is provided for reference in Equation 
3.51. 
ton vd = -Vc = DVc 
Ts 
(3.51) 
Assuming that the output currents from each chopper section are balanced and 
constant, and that the output voltages from each bridge rectifier are equal and con-
stant , harmonics in the DC output voltage will occur at multiples of the switching 
frequency. If there are multiple phase shifted chopper sections connected in parallel 
then the harmonic frequencies at the combined output will be increased by the num-
ber of sections. For an n-phase chopper this results in harmonics at the following 
frequencies 
h=nk (3.52) 
where n is the number of phase shifted chopper sections and k is an integer. The 
magnitude of the harmonics is inversely proportional to their harmonic number and 
depends on the duty ratio. An expression for the harmonic magnitudes from a single 
phase chopper section is provided in [30]. This equation has been rewritten for an n-
phase chopper as a function of the duty ratio and is provided for reference in Equation 
3.53, 
v'2Yc 1/ 2 Vh = -h- [1- cos (21rnhD)] 
7rn 
(3.53) 
where Vc is the average input voltage and his a value obtained from Equation 3.52. 
Since the output current is assumed to be constant, the average power drawn by 
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the converter can be expressed as 
(3.54) 
In actual fact the output current will not be constant nor will the output voltage 
be a square wave, however, this approximation is valid when describing the operation 
of the converter. 
3.3.2 Normal Operation 
Under normal operation the converter will not operate with a constant current 
load, the DC link voltage will not be constant, the power system will not provide an 
ideal sinusoidal voltage waveform, balanced between the phases, nor will the compo-
nents used in the power supply be perfectly matched. Each of these system parameters 
will cause deviations from the ideal analysis presented in this chapter. In addition, 
controller imperfections will also cause further deviations from the ideal case. 
The arc will randomly change in length at various frequencies and cause non-
characteristic voltage harmonics to be produced at the load, which cause distortion 
on the AC system. This distortion can be at any frequency and as such will causes 
interharmonic distortion, as well as harmonic distortion. If the DC link were ideal 
this fluctuation would not be transferred to the AC system. Since the DC link is not 
ideal some effects of the load fluctuation will be observed, however, not to the same 
degree as in the controlled rectifier case. 
Any unbalance in the supply voltages will cause asymmetries that lead to an 
increase in the levels of triplen harmonics, particularly those of the third order [13]. 
Impedance imbalance between both 6-pulse groups will result in non-characteristic 
harmonics at orders 6k ± 1. If the diodes in the positive and negative valve groups 
begin to conduct at slightly different offsets from the intended firing angle then even 
order harmonics will be produced on the AC system [13]. The magnitude of these 
even order harmonics will be decreased as the commutation overlap angle is increased. 
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The deviations from the ideal case change the expected relationship between the 
duty ratio and the output parameters. As such the control system must be robust 
enough to operate under the various conditions and still effectively maintain the 
desired setpoint at the output. This is generally achieved by using a controller with 
a feedback loop. 
3.4 Converter Control 
As illustrated in the previous section the output from the chopper power supply 
is controlled by changing the duty ratio or on time. The output as a function of 
the duty ratio is nearly linear and as such no linearization of the controller will be 
required. 
In order to maintain a constant setpoint the chopper power supply uses a feedback 
P I controller. Unlike the controlled rectifier power supply the output from each bridge 
circuit is independently controlled to deliver the required total current or power to 
the furnace. This requires one controller for each chopper unit . Since each unit 
contains two sections a balancing loop must also be included. Under normal operating 
conditions each chopper unit is set to share the load equally. In the case of power 
control a current limit is included to protect the equipment from additional stresses 
without tripping the protection relays. 
Typical control block diagrams for constant current control, constant power con-
trol, and constant power control with current limit are presented in this section. 
Controller response to a change in setpoint is also provided for a constant resistive 
load scaled to provide typical current and power levels associated with the operation 
of a 50 MW smelting furnace. For the purpose of this chapter the load is set to 14mrl 
and the transformer secondary voltages are set to 1080 V. 
Transient response for both current control and power control are investigated 
by applying a ±10% step change in setpoint and measuring the transient response 
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-parameters. Parameters are recorded for both increasing setpoints and decreasing 
setpoints to show controller linearity. The current limiting function within the power 
controller is shown to function properly by applying a slowly varying power setpoint 
which results in currents above the set limit. 
3.4.1 Constant Current Control 
Constant current control is implemented using the control configuration outlined 
in Figure 3.15. The process variables include the output current from each chopper 
section, which are filtered using a first order low-pass filter with a gain of 1 and a time 
constant of 0.2 ms. The current regulator was tuned using the stability limit method 
and has a proportional gain of 10 and an integral time constant of 0.14 ms. The 
balance regulator was set to have the same proportional gain as the current regulator 
and an integral time constant of 3 ms to avoid interaction between the two control 
loops. 
Balance Regulator 
Current Regulator 
Figure 3.15: Chopper Current Control Block Diagram 
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Although a slew rate limit is shown on both control signals it was determined 
through simulation that it was not required for the current controller. Instead, only 
a hard limit of 0 to 1 was implemented at the output of the controller and represents 
the control range of the chopper. Another hard limit of 0 to 1 was also included at 
the output of each regulator. 
The transient response for the current controller shown in Figure 3.15 is provided 
for reference in Figure 3.16. The nominal output current was chosen as 60 kA and the 
setpoints were switched between 54 kA to 66 kA then back again. For the positive 
step change the delay time and rise time were 0.575 ms and 1.075 ms, respectively. 
The maximum overshoot was 1.155 kA corresponding to 1.75% and occurred at 1.45 
ms after the step change. The settling time based on a 2% tolerance band was not 
exceeded. 
For the negative step change the delay time and rise time were 0.375 ms and 0.775 
ms, respectively. The maximum overshoot was 0.733 kA corresponding to 1.36% and 
occurred at 1.1 ms after the step change. The settling time based on a 2% tolerance 
band was not exceeded. The maximum overshoots for the positive and negative step 
changes are slightly different which indicate that the controller is not perfectly linear, 
however, the difference is less than 500 A. 
3.4.2 Constant Power Control 
Constant power control is implemented using the control configuration outlined 
in Figure 3.17. The process parameters include the output current from each chopper 
section and the output voltage, which are filtered using a first order low-pass filter 
with a gain of 1 and a time constant of 0.2 ms. The power regulator was tuned using 
the stability limit method and has a proportional gain of 7.5 and an integral time 
constant of 0.3 ms. The balance regulator was set as in the previous section. 
A slew rate limit is shown on both control signals and is required to prevent 
sudden changes in the control variable. The slew rate limit functions to stabilize the 
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Balance Regulator 
Figure 3.17: Chopper Power Control Block Diagram 
controller during large disturbances and for the purpose of this study was chosen as 
500/cycle. A hard limit of 0 to 1 was also implemented at the output of the controller 
and represents the control range of the chopper. Another hard limit of 0 to 1 was 
used at the output of each regulator. 
The transient response for the power controller shown in Figure 3.17 is provided 
for reference in Figure 3.18. The nominal output power was chosen as 50 MW and the 
setpoints were switched between 45 MW to 55 MW then back again. For the positive 
step change the delay time and rise time were 0.65 ms and 1.0 ms, respectively. The 
maximum overshoot was 1.252 MW corresponding to 2.28% and occurred at 1.325 
ms after the step change. The settling time based on a 2% tolerance band was 1.45 
ms. 
For the negative step change the delay time and rise time were 0.625 ms and 0.975 
ms, respectively. The maximum overshoot was 1.269 MW corresponding to 2.82% 
and occurred at 1.25 ms after the step change. The settling time based on a 2% 
tolerance band was 1.5 ms. The maximum overshoots for the positive and negative 
step changes are slightly different which indicate that the controller is not perfectly 
linear , however , the difference is less than 275 kW. 
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3.4.3 Constant Power Control With Current Limit 
Normally when constant power control is used a current limit is also imposed 
to keep within the equipment ratings. The control configuration chosen for power 
control with current limit is provided for reference in Figure 3.19 and is a combination 
of the first two configurations. The proportional gains and integral time constants in 
the power regulator, current regulator , and balance regulator are the same as those 
previously specified. The slew rate limit was set as in the power controller. 
Current Regulator 
Ic1, Ic3 
Balance Regulator 
Figure 3.19: Chopper Power Control with Current Limit Block Diagram 
To verify that the current limit functions correctly the power setpoint was slowly 
varied between 45 MW and 55 MW with a current limit of 60 kA. The results are 
presented in Figure 3.20 and clearly show the current being limited to 60 kA. It 
can also be observed that power control is lost when the converter operates in current 
limiting mode. As with the controlled rectifier power control is most often used during 
normal operation since smelting is a continuous process which relies on a constant 
power to feed ratio [74). 
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3.5 Summary 
A description of the configuration and operation of the uncontrolled rectifier chop-
per power supply has been presented in this chapter. The converter has been mainly 
implemented in low power motor drives. However, some high power applications have 
been constructed and include chemical refining processes, and one low power electric 
smelting furnace. Generally for high current operation the converter is arranged with 
a 12-pulse rectifier at the front end, feeding multiple chopper sections connected in 
parallel. Each chopper section consists of multiple chopper modules connected in 
parallel to meet the current requirements. 
Due to the additional power conversion stage the uncontrolled rectifier chopper 
power supply contains more components than an equivalent controlled rectifier power 
supply. This represents the major drawback of the technology since more devices 
generally tend to increase the losses and decrease the reliability of the converter. The 
benefits in the technology include reduced harmonics and increased power factor at the 
input, and faster control and less ripple at the output. The improved input parameters 
allow smaller transformers to be used while the improved output parameters allow 
smaller reactors to be used. The control is nearly linear over a large range and 
eliminates the need for tap changers on the transformers. 
Equations for the uncontrolled rectifiers were provided for the ideal case of con-
stant output voltage with both discontinuous and continuous current conduction. 
The analysis focused on the line current magnitude and harmonics, power and power 
factor. The parameters were shown to be dependent on voltage regulation. 
Equations for the chopper sections were provided for the ideal case of a constant 
voltage supply and a constant current load. The analysis focused on the output volt-
age magnitude and harmonics. The output parameters were shown to be dependent 
on the duty ratio. Unlike the controlled rectifier case the output parameters were 
nearly linear functions of the control variable. 
Converter control for both constant current and constant power was described 
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-and shown to function properly during transient disturbances. The responses to a 
positive step change and a negative step change in setpoint were slightly different 
indicating that a degree of nonlinearity exist. However, the differences were small 
and acceptable for the required application. The power controller was also shown 
with a current limit, which represents the actual case and was shown to function 
correctly. A balance regulator was included in each configuration to ensure that both 
chopper sections from each bridge rectifier share the output current equally. 
The performance of the uncontrolled rectifier presented in this chapter can be 
improved by increasing the pulse number or by adding filter capacity. The pulse 
number can be increased by adding bridge circuits and using transformers that provide 
the required phase shift. This will effectively reduce the harmonics at the input, 
however, it is not usually employed due to additional transformer requirements. In 
the case of the uncontrolled rectifier filtering is normally added at the output to 
reduce the ripple in the output voltage. The performance of the chopper is normally 
improved by increasing the switching frequency. This can be achieved by actually 
increasing the frequency or by adding more phase shifted sections. 
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-Chapter 4 
DC Electric Arc Furnace Model 
The majority of electric arc furnace models have been developed for AC furnaces 
to investigate the effects of various compensation schemes on voltage flicker and har-
monic distortion. Since very little work has been done on DC arc furnace models the 
physical DC arc will be modeled first then fluctuation added to represent a typical DC 
smelting furnace. Although simplified DC arc models are available in the literature, 
most of these use approximations that are not valid for high current arcs. 
The available arc models are generally of two types which include the Magneto 
Fluid Dynamic Model (MFD) [52--61], and the Channel Arc Model (CAM) [62--67]. 
The MFD model generally solves a set of coupled partial differential equations for 
the conservation of mass, momentum and energy. The procedure can become quite 
complicated, but some simplified 2D models considering arcs dominated by one heat 
loss mechanism are available. The MFD model uses fixed boundary conditions to 
solve for the spatial distribution of arc parameters and as such is not well suited for 
electric arc furnace simulation. 
The CAM model assumes that the arc is a cylindrical homogeneous current con-
ductor surrounded by an insulating shell. The energy balance equations are solved 
using thermodynamic and transport properties from a typical arc furnace plasma 
taking into account the heat loss mechanisms from convection, conduction, and radi-
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ation. For the purpose of this report the CAM model will be used since the equations 
are more easily solved and the model has been proven to represent an EAF arc. 
In addition to the static electric arc the smelting furnace dynamics and operating 
conditions must be included in the simulation. The arc dynamics are a result of 
process conditions such as feeding and tapping which tend to add instabilities to the 
arc. Unlike a melting furnace a large portion of the energy in a smelting furnace is 
dissipated in the slag layer. This tends to make the operation more stable and will 
be included in the simulation by adding a fixed resistance to the load. 
The purpose of this chapter is to develop an electric arc model that can be used to 
represent an electric arc furnace load within a time domain simulation environment. 
As such the approach is simplified and does not go into great detail of the underlying 
arc physics. The dynamics of a typical smelting furnace are added to the arc model to 
ensure that the load is as realistic as possible. The model is verified using measured 
data from several electric arc furnace installations. 
4.1 Electric Arc Properties 
An electric arc consists of current flowing in an ionized gas between two electrodes 
at different potentials. The negative electrode is known as the cathode whereas the 
positive electrode is known as the anode. In general the arc is divided into three 
regions including the anode region, cathode region, and the arc column. A typical 
arc profile showing each region along with the voltage gradient characteristic is shown 
in Figure 4.1 [51]. The figure is a schematic only and is not drawn to scale. 
In the cathode region there is a constant voltage drop of approximately 10 V 
ranging over a distance of approximately 1 p,m [51]. The voltage drop is constant and 
not dependent on arc length. The voltage drop in the anode region is two to three 
times higher than that in the cathode region and is caused by secondary emission 
due to the heavy bombardment of electrons. Voltage drop in the anode region is also 
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Figure 4.1: Simplified Schematic Diagram of Arc Profile 
constant and not dependent on arc length. 
The voltage drop in the arc column depends on several factors including the arc 
length and is generally in the range of 10 V /em to 15 V /em. This is an approximation 
used in industry and the actual arc length varies as a function of current , temperature, 
and the arc environment. Measurements from high current DC arc furnaces show that 
the arc voltage initially increases rapidly with length then tends toward a steady slope 
in the range of 7.5 V /em. It is also observed that the whole curve moves to higher 
voltages at higher current levels [70]. 
Information relating to the arc environment is not readily available in the lit-
erature. However, two sources [67, 68] of information were obtained. Both sources 
contain data for typical EAF gas with Fe ions and without Fe ions. The composition 
with Fe ions included 40% H2 , 35% N2 , 20% CO , and 5% F e. The composition 
without Fe ions included 42% H2 , 37% N2 , and 21% CO. For the purpose of this 
section both cases are presented to show the effect of changing the arc composition 
on the thermodynamic and transport properties. 
The Chapman and Enskog method was used in [68] to determine the electrical 
95 
-conductivity, thermal conductivity, viscosity, and reduced specific heat for the two gas 
mixtures. The results were presented graphically for the temperature range between 
1000 K to 25000 K. The same temperature range was used in [67] to show the electrical 
conductivity, density, enthalpy, and volumetric radiation density in tabular form. 
Since neither source provided equations, the parameters required for the CAM model 
are obtained from data fit of the given information and are presented for future 
reference. 
The thermodynamic and transport properties of the electric arc are temperature 
dependent and can be represented by an exponential polynomial 
or a polynomial 
x(T) = B 1T 10 + B2T9 + B3T8 + B 4T 7 + B5'Y' + B6T5 + B7T 4 + B 8T 3 ( 4.2) 
+ B 9T 2 + B10T + En 
where x can represent the electrical conductivity, thermal conductivity, enthalpy, 
density or radiation density. The coefficients are presented in the following section, 
which describes the relevant portions of the CAM model. 
4.2 Channel Arc Model 
The channel arc model was developed by Steenbeck to solve the energy balance 
equations by introducing an extra variable, arc radius. The model assumes that 
the arc column consists of a central core that conducts current surrounded by an 
insulating shell [62]. A schematic diagram depicting the CAM model is provided for 
reference in Figure 4.2. The core is identified by zone I, which has a temperature 
dependent electrical conductivity and an infinite thermal conductivity. The shell is 
identified by zone II, which has a temperature dependent thermal conductivity and 
an electrical conductivity of zero. 
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Figure 4.2: Channel Arc Model 
The radial distributions of parameters within the arc are completely neglected, as 
are the gravity and viscous dissipation effects. The model also makes several other 
assumptions including the fact that the arc is in local thermodynamic equilibrium, 
the arc consists of an impressible fluid, and the arc acts as a homogeneous current 
conductor [67]. While these approximations may appear to be significant the results 
are appropriate for the type of simulations performed in this study. 
The CAM model is described in [62, 63] and considers all heat loss mechanisms 
from the arc. The heat loss components are then balanced against the electrical 
energy input as shown 
where Pel is the electrical energy input, Pcond is the conduction heat transfer, Pconv 
is the convection heat transfer, and Prad is the radiation heat transfer. The model 
parameters in Equation 4.3 are all functions of the arc core radius and temperature, 
which are not known and must be solved using Steenbeck's Minimum Principle. 
The Minimum Principle states that the arc will always assume a radius and tem-
perature that minimizes power loss [63]. The approach to solve for these parameters 
is to use Equation 4.3 to obtain an expression for the arc temperature in terms of the 
arc radius 
(4.4) 
-Equation 4.4 is then solved to determine the arc core radius and temperature that 
results in minimum power loss. Inputs to the model include the arc length and 
current, as well as several boundary conditions, which are required in the heat transfer 
expressions. The heat transfer equations and boundary conditions are described in 
the following sections and have been confirmed to accurately represent the arc in a 
DC EAF [64, 65] and an AC EAF [66]. 
4.2.1 Electrical Energy Input 
The electrical energy input to the arc can be expressed by summing up the various 
components of voltage drop and multiplying by the arc current. A simple expression 
for electrical energy input power is provided below in Equation 4.5. 
(4.5) 
The voltage drop in the anode and cathode regions have been given in the previous 
section as 30 V and 10 V, respectively. The voltage drop in the arc column will 
depend on the arc geometry and temperature. Since the arc geometry is known the 
arc resistance can be solved for using the following equation 
L 
Rare = O"(Tk)7r R~ (4.6) 
where O"(Tk) is the temperature dependent electrical conductivity. With R are deter-
mined from Equation 4.6 the electrical energy input can be rewritten as 
J~reL ( ) 
Pet= O"(Tk)1rR~ +fare Vcathode + Vanode (4.7) 
The temperature dependent electrical conductivity has been determined for vari-
ous compositions of EAF gas and are provided in Figure 4.3. The curves were data fit 
from results presented in [68] using Equation 4.1 and the coefficients listed in Table 
4.1. The iron atoms begin to ionize at about 3000 K and are shown to have a strong 
effect on the electrical conductivity. At temperatures above 12000 K the ionization is 
complete and it makes no appreciable contribution to the electrical conductivity [68] . 
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Figure 4.3: EAF Plasma Electrical Conductivity 
Table 4.1: Electrical Conductivity Coefficients (1000 K - 25000 K) 
Coefficient Without Fe Ions With Fe Ions 
A1 6.291071095184890e-40 -1.322903377559916e-40 
A2 -9.379623657974799e-35 1.573144301574714e-35 
A3 6.102595842167776e-30 -7 .645107553502754e-31 
A4 -2.271741090 94631e-25 1.907544342304147e-26 
As 5.327505931651883e- 21 -2.423359180639838e-22 
A6 -8.156295068986779e- 17 1.044286639719308e - 18 
A1 8.1454 7869822727oe-13 6.83856041 0654266e- 15 
As -5.102443056421676e-9 -2.711767421 79246e-11 
Ag 1.79011 19717175oe-5 -1.10574341913 67oe-6 
A10 -2.3253601644195 e-2 1.107398973142712e-2 
Au -1.500010 73131575e1 -2.411 5601 695952e1 
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-4 .2.2 Conduction Heat Transfer 
Conduction heat transfer has been described in the literat ure using three com-
ponents to represent heat loss from the arc core to the furnace surroundings, at the 
arc cathode boundary, and at the arc anode boundary. An expression for conduction 
heat transfer is presented below in Equation 4.8 [62]. 
2nL 
Pcond = l ( / ) k(Tk- Ts) + 27fRkk(Tk - Tc) + 21fRkk(Tk - Ta) (4.8) 
n R1 Rk 
Where Ts is the temperature inside the furnace, Ta is the temperature at the anode, 
Tc is the temperature at the cathode, and k(T) is the temperature dependent thermal 
conductivity. which has been determined for various compositions of EAF gas and is 
provided in Figure 4.4. The curves were data fit from results presented in [68] using 
Equation 4.2 and the coefficients listed in Tables 4.2-4.5 . The characteristic peaks are 
due to the dissociation and ionization of the molecular species in the gas mixture [68]. 
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Table 4.2: Thermal Conductivity Coefficients (1000 K- 3000 K) 
Coefficient Without Fe Ions With Fe Ions 
B1 -1.367775042752669e-31 -1.367775042752669e- 31 
B2 3.229218330353735e-27 3.229218330353735e-27 
B3 -3.335631127656665e-23 -3.335631127656665e-23 
B4 1.983233989957722e-19 1. 98323398995 7722e -l9 
Bs -7.511006385410579e-16 -7.511006385410579e-16 
B6 1.892520981066090e-12 1.892520981066090e-12 
B1 -3.21243804 7397192e-9 -3.21243804 7397192e-9 
Bs 3.628392737022597e-6 3.628392737022597 e-6 
Bg -2.612189145901866e-3 -2.612189145901866e-3 
B10 1.084344584849629e0 1.084344584849629e0 
Bu -1.975881752101759e2 -1.975881752101759e2 
Table 4.3: Thermal Conductivity Coefficients (3000 K- 6000 K) 
Coefficient Without Fe Ions With Fe Ions 
B1 -2.933792120330923e-31 -2.920215442927064e-31 
B2 1.325861371117269e-26 1.319740017313278e-26 
B3 -2.677158475047245e-22 -2.664829251574855e-22 
B4 3.179627042607236e-18 3.165021795862304e-18 
Bs -2.459198081596151e-14 -2.447931293873563e-14 
B6 1.293837858040762e-10 1.287924687469999e-10 
B1 -4.688324711255232e-7 -4.666944044184314e-7 
Bs 1.15508693299426oe-3 1.149828131702318e-3 
Bg -1.851480821771029e0 -1.843060230756409e0 
B10 1.743280527363543e3 1.735353782589564e3 
Bu -7.321416032941688e5 -7 .288101258498075e5 
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Table 4.4: Thermal Conductivity Coefficients (6000 K- 15000 K) 
Coefficient Without Fe Ions With Fe Ions 
B1 2.714674342112901e- 36 2.744202929441881e-36 
B2 -2.982909815485392e-31 - 2.92464624626950oe-31 
B3 1.460397202870464e-26 1.388880859389802e-26 
B4 -4.193250080634256e-22 -3.868385466277625e-22 
B5 7.815182175046335e-18 6.994641310200328e-18 
B6 -9.872010646239327e-14 -8.57 4664592940041e- 14 
B7 8.5524 70983625 764e-10 7.213199132934136e-10 
Bs -5.013148401720624e-6 -4.108834531161205e-6 
Bg 1.900999519676746e-2 1.515635333229521e-2 
Bw -4.20736987625077 4e1 -3.266662959372587e1 
Bu 4.124426686251461e4 3.121885878531223e4 
Table 4.5: Thermal Conductivity Coefficients (15000 K- 25000 K) 
Coefficient Without Fe Ions With Fe Ions 
B1 1.891344462833925e-37 2.135730470225567 e-37 
B2 -3.67702542329097oe-32 -4.2497 46775995341e-32 
B3 3.190908958241452e-27 3.785560915903379e-27 
B4 -1.626624924100612e-22 -1.9876607214 73948e-22 
B5 5.390123004312659e-18 6.811870362957 463e-18 
B6 -1.212062877004621e-13 -1.591966657246615e- 13 
B7 1.87099590147836 7 e-9 2.569209290464814e-9 
Bs -1. 954930153685145e-5 -2 .827029006814362e - 5 
Bg 1.320769765169741e-1 2.029617014896759e- 1 
Bw -5.197308588252898e2 -8.584168797215114e2 
Bu 9.0150168587560945 1.624050853902543e6 
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4.2.3 Convection Heat Transfer 
The convection heat transfer is the dominant heat loss mechanism and can be 
represented by the following equation (66] 
(4.9) 
where Vk is the velocity of the arc column, p(T) is the temperature dependent density, 
and h(T) is the temperature dependent enthalpy. An expression for the velocity is 
provided in (66] and is rewritten below in Equation 4.10, 
17 _ fare Vk---
21fRk 
(4.10) 
where Rc is the radius of the cathode spot. Since this quantity is not known it is 
replaced with the current density at the cathode spot, which has been observed to be 
nearly constant and equal to 3.5kA/cm2 (70]. 
(4.11) 
The increased velocity is due to the magnetic pinch force at the cathode spot. The 
magnetic field and hence velocity is proportional to the arc current and as the current 
increases so does the velocity and the proportion of heat loss due to convection (52]. At 
very low currents the heat transfer from the arc is dominated by conduction. However, 
this will not occur in an EAF arc due to the fact that the current is generally in the 
kA range. 
The temperature dependent density and enthalpy are determined for various com-
positions of EAF gas and are provided in Figures 4.5 and 4.6, respectively. The curves 
were data fit from results presented in (67] using Equation 4.2 and the coefficients 
listed in Tables 4.6 and 4. 7 respectively. The figures show that the iron has the 
effect of slightly increasing the density and decreasing the enthalpy over the entire 
temperature range. 
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Figure 4.5: EAF Plasma Density 
Table 4.6: Density Coefficients (1000 K - 25000 K) 
Without Fe Ions With Fe Ions 
4.985168849842867e-42 5.615809466454545e-42 
-7 .381386842696383e-37 -8.316689303220108e-37 
4.760243660720561e-32 5.36504923 31609oe-32 
- 1.753230 95501397e-27 -1.9767 7797645853e-27 
4.063973771445272e-23 4.584319924965862e-23 
-6.161952042225659e-19 -6.953995626641703e-19 
6.158156498923153e- 15 6.95137392440848oe-15 
-3.995882514461 75e-11 -4.5091550593 6358e-11 
1.622657207711049e-7 1. 28311090265503e- 7 
-3. 656 41 2021047e-4 -4.339866195991478e-4 
4.666657071126 25e-1 5.20917 16954771oe-1 
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Table 4.7: Enthalpy Coefficients (1000 K- 25000 K) 
Coefficient Without Fe Ions With Fe Ions 
B1 3.569543260099615e-33 4.353129 197 6 11e-33 
B2 -4.37591952365321 e-28 -5.32630583971871oe-28 
B3 2.232713234130707e-23 2. 727816774721907e-23 
B4 -6.109197703705925e-19 -7.564015182197551e- 19 
Bs 9.607721750915982e-15 1.2267245 78027962e-14 
B6 -8.60302 75727333 e-11 -1.17374 7557554315e-10 
B1 4.023625969235532e-7 6.39305715 200754e-7 
Bs -7 .838570615456688e-4 -1.8791144803781lle-3 
Bg 7. 31404444 7882898e -I 3.497834114227283e0 
Bw 1.465155995502331e3 -2.1335 79002284915e3 
Bn 5.176604423660653e4 1.594334422611731e6 
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-4.2.4 Radiation Heat Transfer 
The radiation heat transfer from the arc is not only dependent on the arc temper-
ature but also on the arc wavelength. An expression for the radiation heat transfer 
including the mean absorption length is provided in [66) and is given below in Equa-
tion 4.12. 
( 4.12) 
Where Labs is the mean absorption length, and u(Tk) is the temperature dependent 
radiation density. When the absorption is weak, Labs > > Rk, radiation occurs from 
the arc core volume and the heat transfer can be expressed by Equation 4.13. 
( 4.13) 
When the absorption is strong, Labs < < Rk, radiation occurs from the outer surface 
of the arc core up to a thickness of Labs and the heat transfer can be expressed by 
Equation 4.14. 
(4.14) 
In general an EAF arc is dominated by optically thin radiation (Labs= oo), which 
essentially means that Equation 4.13 can be used to approximate the radiation heat 
transfer component [67). With optically thin radiation the voltage-current charac-
teristic is positive. With optically thick radiation the voltage-current characteristic 
is negative for currents below a few kA. The radiation loss then dominates over the 
convection loss, which is proportional to the current. The effect is strongest in long 
arcs as the radiation is proportional to the arc length [67). 
The temperature dependent radiation density is determined for various composi-
tions of EAF gas and is provided for reference in Figure 4.7. The curve was data fit 
from results presented in [67) using Equation 4.1 and the coefficients listed in Table 
4.8. The radiation density for both gas compositions used in this study were the 
same, which suggest that the iron does not effect the radiation density. 
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Figure 4.7: EAF Pla rna Radiation Density 
Table 4. Radiation Density Coefficients ( 1000 K - 25000 K) 
Coefficient Without Fe Ions With Fe Ions 
A1 0 0 
A2 0 0 
A3 0 0 
A4 0 0 
As 0 0 
A6 -8. 79733335008655oe-22 -8.797333350086550e-22 
A1 2.691437460726853e-17 2.691437460726 53e-17 
As 4.332373460417504e- 12 4.332373460417504e- 12 
Ag -2.62200484311 0654e -I -2.622004843110654e-7 
A10 5.175453216077298e-3 5.175453216077298e-3 
Au -1.115969198439887e1 - 1.115969198439887 e1 
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4.2.5 Model Validation 
Simulations were performed using Matlab to verify that the static model yields 
acceptable results. The simulation results were compared with those published in the 
literature and were observed to be consistent with those observations. The results 
from the static arc model are compared using data measured from operating DC 
electric arc furnaces. Data from a DC electric furnace used to melt steel is used 
to verify that the CAM model described in [64] is accurate in [65]. Other reference 
sources [67,69-71] also describe steel melting furnaces, which are appropriate to verify 
that the arc portion of the smelting furnace model is correct. 
The parameters obtained from simulation are plotted as a function of arc current 
and arc length for EAF gas with Fe ions in Figures 4.8 and 4.9, and without Fe ions 
in Figures 4.11 and 4.12. The parameters of interest include the voltage, resistance, 
power, velocity, core radius, and temperature. The resulting energy balance is also 
provided for EAF gas compositions with and without Fe ions in Figures 4.10 and 
4.13, respectively. Boundary conditions for Rs, T5 , Ta, and Tc have been chosen as 1 
m, 2000 K, 2500 K, and 3000 K, respectively. 
The voltage profile as a function of arc length is similar to the results presented 
in [65, 70,71] and shows a quick increase at the beginning followed by a near constant 
voltage gradient. The arc velocity for an experimental setup is provided in [57] and 
shows the correct results at lower currents. The velocity profile obtained from the 
CAM model is consistent with that predicted in [54]. The arc core temperature as 
a function of arc length is similar to those provided in [53, 57]. The results obtained 
from the CAM model presented in this study were compared with the results from 
the model in [67] and were found to be close to the measured values. 
To completely represent a smelting furnace dynamic conditions the static model 
is used in conjunction with fluctuations observed from operating DC smelting fur-
naces. The process resistance must also be adequately represented as explained in 
the following section. 
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Figure 4.11: Arc Parameter as A Function of Arc Current (Without Fe Ions) 
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-4.3 Electric Arc Furnace Model 
Electric smelting furnaces use heat to extract metals or metallic alloys from ore 
obtained through mining or as by-products of other industrial operations. Often 
fluxes are added to the reaction to assist in the separation of the liquid metals and 
unwanted components of the ore as fluid slags. There are two main types of smelting 
namely, reduction smelting and matte smelting with the type being dictated by the 
ore being processed [72]. In a typical matte smelting furnace there would be two to 
three layers of material in the furnace including a bottom metal layer (matte), a slag 
layer, and possibly a top layer of unmelted charge. 
Smelting furnaces generally consist of a refractory shell in which the concentrate 
from the mining process is fed and melted using electrical energy. DC furnaces are 
constructed with a circular shell plate in which the sidewall refractory is installed. 
Thermal expansion of the brick against the shell provides the necessary compressive 
force to hold the brickwork in place [76]. The brick used in the hearth of a DC furnace 
is made of conductive refractory. Only the center of the roof is bricked the remaining 
outer portion consists of water cooled panels. 
In a typical DC smelting furnace the electrical energy is delivered to the furnace 
using a single-electrode placed through the furnace roof with a return path through 
the bottom of the furnace hearth. This requires that the furnace bottom be con-
ductive and contain some form of an electrode. To date several designs have been 
successfully used including steel pins and copper anodes placed underneath the con-
ductive refractory. The arrangement is for the bottom electrode to be the anode since 
current flow in this direction is more stable and increases the convective heat transfer 
to the bath [69]. 
Traditionally all smelting furnaces were supplied at an AC mains frequency and 
were operated with the electrodes immersed in the slag bath. In this mode the slag 
becomes superheated at the electrode tips while electromagnetic and convective forces 
move the slag up around the electrodes and outward toward the furnace walls [75]. 
115 
The hot slag flows under the charge banks, which are in turn melted by its superheat. 
In order to maintain high production levels sufficient contact area must be provided 
between the floating charge banks and superheated slag. The electrical energy is 
released by resistance heating of the slag layer, which can be approximated for a DC 
furnace as [73] 
Pfur = f;,rcRba.th 
where Rba.th is the resistance in the slag layer. 
(4.15) 
Since no arcing is produced in immersed electrode smelting the power fluctuations 
are minimal. As the energy input is increased both the slag superheat temperature 
and the convective forces in the bath increase. If the furnace is not adequately sized 
to accommodate the input power the hot slag will impinge and erode the furnace 
sidewalls. Practice has repeatedly shown that there is a limiting bath power density 
in the range 90-150 kW/m2 depending on the specific application, above which rapid 
erosion of the sidewall refractories results [75]. 
A significant increase in power density can be achieved by using higher voltages to 
create arcs above the slag bath. With this approach a portion of the electrical energy 
can be liberated in the arcs then transferred to the freeboard area and radiated back 
to melt the charge [75]. The arcs themselves represent an additional resistance in 
series with the bath and provide a means of increasing the overall resistance in the 
furnace circuit. As such open arc furnaces find their largest application in melting 
charges that produce insufficient slag resistance to liberate high power densities. In 
this mode the electrical energy can be expressed as [73] 
( 4.16) 
where Rare is the resistance of the arc. The ratio of bath power to arc power has an 
effect on the amount of fluctuation. For instance, steel melting furnaces cause large 
disturbances and are operated with all arc power. A figure depicting the resistance 
as a function of the electrode tip position for a typical AC or low power DC matte 
smelting furnace is provided in Figure 4.14 [73]. 
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Figure 4.14: Load Resistance Versus Electrode Tip Position 
As shown in the figure the proces re istance goes to zero when the electrode 
touches the top of the conductive matte layer. \\'hen the electrode i raised into the 
lag layer the proces resistance which depends on the slag re i tivity begins tori e. 
Once the electrode begins to come out of the slag layer microarcing will begin and 
is identified in the figure by the brush arc region. As the electrode is raised further 
arcing will begin and results in a sharp increa e in the proce s resi tance. 
Once arcing begins instability and fluctuation will also tart. The instabilities 
in the arc are cau ed by process condition such as feeding and tapping as well 
as instabilities due to cathode spot movement , aerodynamic forces, and magnetic 
forces [70]. The cathode spot has been observed to move over the face of the electrode 
in a continuou . but random manner. Reasons for the movement are not known but 
are speculated to be due to the evaporation of graphite in the cathode spot area [70]. 
The aerodynamic in tabilities are due to the velocity of the arc column. which is 
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often modeled as a turbulent flow. The magnetic instabilities are caused by the 
high currents in the arc column, any small bends in the arc column are magnetically 
unstable. 
4.3.1 Slag Resistance 
The slag layer in a smelting furnace is generally between 80 em to 120 em and, 
depending on the process, can be quite resistive. In most cases this bath resistance 
provides a significant contribution to the total energy liberated in the process, how-
ever, in a DC furnace the arc may have enough energy to create a large depression 
in the slag layer. The size of this depression is greatly reduced by instabilities in 
the arc including movement of the cathode spot, aerodynamic instability, and mag-
netic instability [70]. These factors are difficult to predict and to date have not been 
accurately modeled. 
The depression can be observed in photographs presented in (69, 71]. However, it 
does not appear to be significant in relation to the slag depth. Due to the difficulty 
associated with predicting the size of the depression for the purpose of this study 
the bath resistance is assumed constant and set such that approximately 40% of the 
electrical energy input is liberated in the slag layer. An analysis to determine the 
depression caused by the DC arc is beyond the scope of this work and will not be 
attempted. 
4.3.2 Voltage and Current Fluctuation 
The process instabilities cause fluctuation in the load resistance and arc voltage, 
the magnitude of which depends on the circuit parameters and the ability of the power 
supply to minimize these disturbances. The voltage fluctuations from the arc model 
and power supply are provided in the following chapter and verified to be similar to 
those measured from an industrial DC smelting furnace. The voltages are compared 
using the voltage flicker values at the input, whereas the currents are compared using 
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the current harmonics at the input. A waveform level analysis based on measured 
data is also provided in this chapter to further verify that PSCAD produces the 
expected results for a known system. 
The arc model used in the PSCAD simulation uses the parameters from the CAM 
model to determine the arc resistance and voltage based on the arc current and 
arc length. The arc current is measured while the arc length is an input chosen 
to give the nominal operating point for a specific application. Fluctuation is then 
added by randomly changing the arc length at various frequencies to reproduce the 
characteristics of a typical DC smelting furnace load. Both the arc voltage and 
resistance are nonlinear and read into PSCAD using lookup tables. 
The first lookup table determines the arc resistance, which is provided as a function 
of arc current in Figures 4.8 and 4.11, and as a function of arc length in Figures 4.9 
and 4.12. The resistance based on arc length and arc current is placed in the power 
circuit using the variable resistor model provided in PSCAD. The PSCAD variable 
resistor model also includes the option to add a branch voltage. Since the arc is 
nonlinear the current through the resistor will not give the correct voltage drop. 
This is compensated by adding the correct amount of voltage to the PSCAD variable 
resistor model. The arc voltage as a function of arc current and arc length are provided 
in Figures 4.8 and 4.11 , and Figures 4.9 and 4.12, respectively. 
This approach allows the nonlinear characteristics of the arc to be represented in 
PSCAD based on an arc length without fluctuation. The fluctuation is then added 
as a bandlimited white noise modulation of the arc length, around the nominal arc 
length for a given operating point. The same approach was developed in [90] to 
model flicker from an AC melting furnace and is further verified to be accurate in 
references [91,92]. Unlike an AC furnace the DC furnace converter and control system 
must also be included in the analysis to obtain the correct results [106, 107]. The 
complete system for an uncontrolled rectifier chopper power supply is simulated in 
the following subsection and is shown to be comparable to data measured from the 
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corresponding industrial DC EAF. 
4.3.3 Model Validation 
The arc model is shown to give the correct results by comparing the PSCAD output 
to measured waveform data from an uncontrolled rectifier chopper power supply. The 
power supply consists of two chopper units , rated at 10.7 MW with a maximum 
combined current output of 48 kA. Each chopper unit consists of two sections, for 
a total of four sections connected in parallel with a combined ripple frequency of 
approximately 8 kHz. The rectifiers are arranged for 12-pulse operation and are 
supplied from a 12.47 kV system. The configuration is the same as that depicted 
in Figure 3.1. All details relating to the power system, converter configuration, and 
converter control system are known and included in the PSCAD simulation. 
The utility supply system is operated at 69 kV, which is stepped down to 12.47 
kV to supply the furnace rectifier transformers. The furnace bus is separated from 
the plant motive load and does not contain reactive power compensation. Above 2 
MW the power supply operates under power control and automatically switches to 
current control for values below 2 MW. The control configuration for each chopper 
unit is the same as that depicted in Figure 3.19. 
Measurements were taken at three locations and include the voltages from the 
12.47 kV bus and the total line currents into the power supply, the line currents 
into the f:j,j f:j, transformer and f:j,jY transformer, and the output voltage. Due to 
the physical locations all parameters could not be recorded simultaneously. The 
measurements at the 12.47 kV bus were recorded for a power setpoint of 3.2 MW, the 
measurements at the input to the rectifier transformers were recorded at a setpoint of 
3.6 MW, and the arc voltage measurement at the output was recorded at a setpoint 
of 5.0 MW. 
The measured arc voltage waveform at 5.0 MW is compared to the simulated 
waveform in Figure 4.15. The average, maximum, and minimum values are similar, 
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which suggest that the arc length and arc current are also similar since the results are 
shown at the same power setpoint . The fluctuations are different , however , this can 
be adjusted by changing the frequency of the arc length modulation in the PSCAD 
model. 
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Figure 4.15: 11easured and Simulated Uncontrolled Rectifier Chopper Output Voltage 
vVaveform 
The measured voltage and current waveforms at the input to the converter are 
shown in Figure 4.16. while the simulated waveforms under the same conditions are 
shown in Figure 4.17. Both the measured and simulated results are similar, which sug-
gest that the power system. converter. and control system are accurately represented 
in PSCAD. This confirms that the program and models can be used to represent 
an actual system if all the information including system imbalances are known and 
included in the model. 
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4.4 Summary 
Since very little work has been done on DC arc furnace models this chapter 
has presented an electric arc model that can be used to represent a DC smelting 
furnace . The CAM model was chosen primarily because the equations are easily 
solved and implemented in an electromagnetic transient simulation environment. The 
temperature dependent physical inputs to the static model were obtained from typical 
EAF gas compositions. This was not done in previous CAM models which used 
constant values as inputs. 
The model is based on energy balance between the electrical input and the various 
components of heat loss at the output, including conduction heat transfer , convection 
heat transfer, and radiation heat transfer. The resulting energy balance for a high 
current arc was shown to be dominated by convection heat transfer, followed by radi-
ation heat transfer, then conduction heat transfer, which is negligible. The equations 
are functions of the arc radius and temperature and were solved using Steenbeck's 
Minimum Principle, which states that the arc will always assume a radius and tem-
perature to minimize power loss. 
The CAM model was shown to represent an industrial arc by comparing the sim-
ulated values to measured data published in the literature. In the PSCAD simulation 
the arc current is measured and the arc length is chosen to represent the nominal 
operating point of the furnace under investigation. The arc length is then fluctuated 
to represent an actual arc furnace load. The approach also requires knowledge of the 
power system, converter and control system to be accurate. The model was shown to 
give similar results to those measured at an industrial DC EAF using an uncontrolled 
rectifier chopper power supply. 
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Chapter 5 
Power Supply Comparison 
Simulation comparison enables systems to be compared on a common basis with 
the same load type and operating parameters. This is not always possible when 
comparing industrial data since it is often obtained under different process condi-
tions at different operating points. Furthermore, the electrical systems from any two 
plants are not identical and will behave differently to the same disturbance. It is for 
these reasons that simulation based on industrial data will be used to compare both 
converters operating under the same conditions. 
The purpose of this chapter is to compare both power supply configurations with 
respect to their impact on power quality, rectifier performance, and reliability. The 
power quality parameters of interest include the power factor, harmonic and interhar-
monic distortion, unbalanced voltage, and voltage flicker. The performance indices 
include the efficiency, rectification ratio, ripple factor, form factor, and transformer 
utilization factor. In addition, a simplified reliability analysis is performed using the 
parts count method from each power supply configuration. 
The power quality parameters are generally of interest to the power provider since 
disturbances may impact other customers connected to the same supply. Performance 
parameters such as efficiency and reliability are generally of interest to the operator 
since these have an effect on the operating cost of the supply and any associated down 
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time of the process. 
The equipment sizes and quantities for each power supply are provided and are 
similar to those used at operating smelting facilities. The power electronic switches 
have been chosen to minimize the parts count thereby increasing the reliability of 
each configuration. The load parameters and details pertaining to the AC supply are 
provided and set to be the same in each case to allow a meaningful comparison. 
5.1 Case Study 
The case study is for the design of a 50 MW DC smelting furnace. It is as-
sumed that the process bath resistance is 6 mO. and remains constant over the entire 
operating range. The nominal operating point is 50 MW at an electrode current 
of approximately 60 kA, which requires a total process resistance of approximately 
14 mO.. Since the arc model requires arc length as an input parameter it has been 
approximated from the channel arc model without Fe Ions as 35 em. 
The power system is assumed to have a fault level of 500 MVA at the plant 
medium voltage bus with an X/ R ratio of 15. Given the power level the voltage has 
been assumed to be 34.5 kV, which enables the selection of breakers and transformer 
tap changers. The power system frequency is assumed to be fixed at 60 Hz and does 
not change during the simulations. Furthermore, the incoming voltage is assumed to 
be free of distortion and balanced among the three phases. 
5.1.1 Controlled Rectifier 
The controlled rectifier power supply used for this study was described in Chapter 
2 and consists of two rectifier transformers, two 6-pulse thyristor controlled rectifiers, 
and two output reactors. The rectifier transformers were chosen to provide a 12-pulse 
characteristic by using a .6./ .6. transformer and a Y / .6. transformer. Due to the possi-
bility of low power factor and high harmonic loading, the transformers were chosen as 
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38.5 MVA unit s. Both transformers were assumed to have a leakage reactance of 0.08 
pu, no load losses of 0.002 pu, and copper losses of 0.0005 pu. The nominal secondary 
voltage used in the simulations was set to 940 V and was chosen to operate with a 
firing angle of approximately 40°. 
The thyristor chosen for the bridge rectifier is an EUPEC T4771N (data sheet 
provided in Appendix A) , which can operate with a mean current of 4770 A. The 
rectifier was designed to have a maximum output current of 75 kA or 37.5 kA per 
bridge. For an N-1 reliability this required connecting 9 thyristors in parallel for a 
total requirement of 108 thyristors. Each thyristor also requires an RC snubber and 
fuse which must be added to the total parts count for the reliability analysis. The 
PSCAD simulation uses an equivalent model based on the data sheet parameters and 
snubber sizes. 
The output reactors were rated at 37.5 kA with an inductance of 100 J.lH. In 
order to provide the magnetic coupling, that would be obtained with the reactor 
layout in the controlled rectifier power supply, a single phase transformer was added 
to the PSCAD simulation to parallel the output of each individual bridge circuit. 
The losses in the reactors and secondary bus were approximated by adding a 0.3 mrl 
resistor at the output just before the smelting furnace model. Screenshots from the 
controlled rectifier simulation showing the major equipment parameters are provided 
for reference in Appendix B. 
The simulated controlled rectifier power supply was controlled using a PI controller 
set to provide a 50 MW power output with a current limit of 75 kA. The controller 
also included a balancing loop with the tuning parameters set to be the same as those 
presented in Chapter 2. 
Results from a 200 ms window of the simulation with the dynamic arc model are 
shown in Figures 5.1 to 5.4. Figure 5.1 shows the load parameters including the arc 
length and current, and process parameters including the resistance, voltage and 
power. Figures 5.2 and 5.3 show the time domain waveforms at the input and output 
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-of the power supply, respectively. Figure 5.4 shows the frequency spectrum of both 
the input and output voltage and current. 
5 .1. 2 Uncontrolled Rectifier Chopper 
The uncontrolled rectifier chopper power supply used for this study was described 
in Chapter 3 and consists of two rectifier transformers, two 6-pulse diode rectifiers, 
four chopper sections, and four output reactors. The rectifier transformers were 
chosen to provide a 12-pulse characteristic by using a !::1/ !::1 transformer and a !::1/Y 
transformer. Since the power factor is high and the harmonic loading relatively lower 
than that of the controller rectifier power supply the transformers were chosen as 30.0 
MVA units. Both transformers were assumed to have a leakage reactance of 0.08 pu, 
no load losses of 0.002 pu, and copper losses of 0.0005 pu. The nominal secondary 
voltage used in the simulations was set to 1020 V and was chosen to operate with a 
duty ratio of approximately 0. 70. 
The diode chosen for the bridge rectifier was an EUPEC D4 709N (data sheet 
provided in Appendix A), which can operate with a mean current of 4700 A. The 
rectifier was designed to have a maximum output current of 75 kA or 37.5 kA per 
bridge. For an N-1 reliability this required connecting 9 diodes in parallel for a total 
requirement of 108 diodes. Each diode also requires an RC snubber and fuse which 
must be added to the total parts count for the reliability analysis. 
Each chopper section must be capable of carrying 18.75 kA and for the purpose of 
this study each section was constructed using 2400 A chopper modules. For an N-1 
reliability this requires 9 chopper modules per section for a total of 36. The IGBT 
and diode package chosen for the modules was an EUPEC FZ1200R (data sheet 
provided in Appendix A), which can operate with a mean current of 1200 A. Hence 
each module contains two IGBT packages and one freewheeling diode, complete with 
the associated fuses and snubbers. The freewheeling diode chosen for this study was 
an EUPEC D2659N (data sheet provided in Appendix A), which can operate with a 
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mean current of 2650 A. 
The IGBT and freewheeling diode snubbers consist of a resistor, capacitor, and a 
diode. The snubber diode chosen for this application was an EUPEC D1408S (data 
sheet provided in Appendix A) , which can operate with a mean current of 1410 A. 
Each module required four fuses including one at the input one at the output of each 
IGBT, and one to protect the freewheeling diode. The modules also required an input 
capacitor rated at 8400 p,F and a resistor. For the reliability analysis it is assumed 
that the capacitance can be obtained using four 2100 p,F capacitors. Each module 
also required a reactor at the input and one at the output to ensure current sharing 
between the modules when connected parallel. 
The reactors connected at the output of each module, as well as, those connected 
at the output of each unit are choke reactors. The reactors at the output of each 
chopper unit were rated at 18.75 kA with an inductance of 100 p,H. The losses in 
the reactors and secondary bus were approximated by adding a 0.3 mn resistor at 
the output just before the smelting furnace model. Screenshots from the uncontrolled 
rectifier chopper simulation showing the major equipment parameters are provided 
for reference in Appendix B. 
The simulated uncontrolled rectifier chopper power supply was controlled using 
two PI controllers set to provide a total power output of 50 MW with a current limit 
of 75 kA. Each controller also included a balancing loop with the tuning parameters 
set to be the same as those presented in Chapter 3. The controllers from each chopper 
unit were set to provide the same power setpoint of 25 MW with a current limit of 
37.5 kA. 
Results from a 200 ms window of the simulation with the dynamic arc model are 
shown in Figures 5.5 to 5.8. Figure 5.5 shows the load parameters including the arc 
length and current, and process parameters including the resistance, voltage, and 
power. Figures 5.6 and 5.7 show the time domain waveforms at the input and output 
of the power supply, respectively. Figure 5.8 shows the frequency spectrum of both 
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the input and output voltage and current. 
5.2 Power Quality 
Power quality is the degree to which both the utilization and delivery of electric 
power affects the performance of electrical equipment. A power quality disturbance 
can be manifested in voltage or current and is described as any deviation in the 
magnitude or frequency of the ideal sinusoidal waveform [109]. Power quality indices 
can be divided into two categories including those written in terms of voltage (utility 
responsibility) and those written in terms of current (customer responsibility). 
The majority of power quality indices are defined for periodic waveforms, however, 
since a smelting furnace load is continually changing the waveforms are not periodic. 
The analysis of this type of load is generally performed using windows of data sta-
tistically compiled over a period of time to provide an overall characteristic. Power 
quality indices are generally imposed at the 99% CPF level, which allows the limits 
to be exceeded during abnormal operation. The IEC recommends a window width of 
200 ms [117, 119], which corresponds to 10 cycles on 50 Hz systems and 12 cycles on 
60 Hz systems. 
For the purpose of this study power quality parameters were calculated using 100 
windows of data which represent 20 seconds of simulation time. An actual power 
quality study should be completed over a much longer period. However, this is not 
practical when performing an electromagnetic transient simulation. The main values 
of interest include the power factor (PF), total harmonic distortion (THD), total 
demand distortion (TDD), and the short term flicker severity index (Pst)- A single 
Pst value has been calculated for the entire 20 seconds of simulated data. 
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5.2.1 Harmonic and Interharmonic Distortion 
Harmonics are voltages or currents present on a power system at some integer 
multiple of the fundamental frequency. These harmonics result in distorted wave-
forms, which are a sum of the fundamental component and the individual harmonic 
components. Distortion levels are described by a complete harmonic spectrum includ-
ing magnitudes and phase angles for each individual harmonic component [14). In 
addition, single quantities known as the total harmonic distortion (THD) and the to-
tal demand distortion (TDD) are often used as effective values to represent harmonic 
distortion levels. 
Process instabilities and controller response dictate that the DC smelting furnace 
will also cause distortion at other frequencies referred to as interharmonic and subhar-
monic distortion. Interharmonics and subharmonics occur at non integer multiples of 
the fundamental frequency and are either above or below the fundamental frequency, 
respectively. For the purpose of this study the interharmonics and subharmonics are 
grouped together into one interharmonic distortion term. 
The THD is generally written for voltage and consist of two components when 
non integer harmonics are included [117, 119) 
THD = )TDHD2 +TIHD2 (5.1) 
where TDHD is the total discrete harmonic distortion 
TDHD= ~1 (5.2) 
and TIHD is the total interharmonic distortion 
TIHD = ~1 hmax-1 L VRSS~,h+l h=O (5.3) 
The VRSS term is used to denote the root sum squared value of the voltage interhar-
monics between two consecutive harmonics h and h + 1. At a power system frequency 
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of 60Hz, using a frequency resolution of 5Hz, the VRSS is defined by 
60(h+l)-5 
VRSSh,h+l = L Vf 
f=60h+5 
(5.4) 
The TDD is written for current and consists of two terms when non-integer har-
monics are included [117, 119] 
TDD = VTDDD 2 + TIDD2 (5.5) 
where TDDD is the total discrete demand distortion 
TDDD= I 
1 
demand 
(5.6) 
and TID D is the total inter harmonic demand distortion 
TIDD = 
1 
!demand 
hmax-1 
L IRSS~,h+l 
h=O 
(5.7) 
The IRSS term is used to denote the root sum square value of the current interhar-
monics between two consecutive harmonics h and h + 1. At a power system frequency 
of 60Hz, using a frequency resolution of 5Hz, the IRSS is defined by 
60(h+l)-5 
IRSSh,h+l = L I} 
f=60h+5 
(5.8) 
Since the load is continually changing the TDD is normalized using the maximum 
demand load current instead of the fundamental component [112]. For the purpose 
of this study the maximum demand load current was set as 1500 A. 
In this study the harmonics were calculated using an FFT on the time domain 
waveforms obtained from the PSCAD simulation. The FFT is described in [14] and 
was performed using Matlab to obtain the harmonic spectra and phase angles for 
the parameters of interest. The harmonic indicies were then calculated with a 5 Hz 
frequency resolution using a Matlab program provided in Appendix C. 
The harmonic distortion indices measured from the controlled rectifier power sup-
ply and the uncontrolled rectifier chopper power supply are summarized in Tables 5.1 
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Table 5.1: Simulated Controlled Rectifier Harmonic Distortion 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
Ytn (kV) 18.091 17.981 18.034 18.033 18.070 18.083 
lt (A ) 1270.5 1230.1 1251.1 1251.6 1262.5 1267.2 
TDHD(%) 17.387 15.795 16.608 16.607 17.131 17.276 
TIHD(%) 8.3367 4.6070 6.6321 6.6255 7.8255 8.2917 
THD(%) 18.230 17.566 17.903 17.910 18.089 18.173 
TDDD(%) 10.436 9.6789 10.079 10.088 10.308 10.386 
TIDD(%) 6.8797 3.2482 5.0787 5.0632 6.3186 6.8316 
TDD(%) 12.004 10.795 11.311 11.289 11.671 11.944 
Table 5.2: Simulated Uncontrolled Rectifier Chopper Harmonic Distortion 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
Ytn(kV) 18.980 18.974 18.978 18.978 18.980 18.980 
lt(A) 959.24 955.86 957.42 957.43 958.46 958.97 
TDHD(%) 5.6828 5.6085 5.6580 5.6601 5.6771 5.6814 
TIHD(%) 1.1481 0.4132 0.7187 0.7080 1.0206 1.1051 
THD(%) 5.7255 5.6968 5.7058 5.7047 5.7180 5.7227 
TDDD(%) 3.4913 3.3669 3.3974 3.3881 3.4511 3.4823 
TIDD(%) 2.1507 0.8071 1.3491 1.3428 1.8959 2.0624 
TDD(%) 4.7153 3.5746 3.9612 3.9383 4.4327 4.6086 
and 5.2, respectively. The distortion values were calculated for each individual phase 
while the tabulated values represent the average distortion from all three phases. 
The results show that both the THD and TDD are significantly lower when using 
the uncontrolled rectifier chopper power supply. At the 95% CPF level the THD 
from the controlled rectifier is 18.09% as opposed to 5. 72% from the uncontrolled 
rectifier chopper. Similarly the TDD from the controlled rectifier is 11.67% as opposed 
to 4.43% from the uncontrolled rectifier chopper. It can also be observed that the 
interharmonic distortion from the controlled rectifier is higher, which will likely lead 
to higher voltage flicker. 
To verify that the harmonics obtained through simulation are correct the harmonic 
spectra shown in Figures 5.4 and 5.8 were compared to the harmonics measured at 
two DC smelting furnaces. The measured results are shown in Figure 5.9 and show 
a similar level of characteristic distortion for both configurations. As expected the 
measured data shows higher levels of triplen and even order harmonics. This exist 
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on an actual system and is due to unbalance in the supply impedance and firing 
angle mismatch between both 6-pulse converters, and controller instability [13). The 
simulation can easily be adjusted, as shown in Chapter 4, to give similar results by 
changing the impedances such that there is some unbalance between the phases and 
between both 6-pulse converters. 
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The level of interharmonic distortion shown in Figures 5.4 can be compared to 
the harmonic spectra provided in [3) , which shows measured data from a DC melting 
furnace. Both cases are for a 12-pulse controlled rectifier power supply and show 
similar levels of characteristic harmonic and interharmonic distortion. 
5.2.2 Unbalanced Voltage 
Voltage imbalance is calculated using symmetrical components and is defined 
as the ratio of the fundamental component of the negative sequence voltage to the 
fundamental component of the positive sequence voltage [119). 
Vneg 07 
Vunb = -V, X 100;c 
pos 
(5.9) 
where Vneg is the negative sequence voltage and "Vp05 is the positive sequence voltage. 
Using phasor notation the positive and negative sequence voltages can be calculated 
142 
as 
Ypos = ~ Jva1LBa1 + aVb1LBb1 + a2Yc1LBc1J 
Vneg = ~ Jva1LBa1 + a2Vb1LBb1 + aYc1LBc1J 
where a is a complex number defined as 
0 1 .V3 
a = 1 L 120 = -- + J-
2 2 
(5.10) 
(5.11) 
(5.12) 
The magnitude and phase of the fundamental voltages were obtained using the 
FFT described in the previous subsection. The Matlab program used to calculate the 
unbalance values for each window of data is provided for reference in Appendix C. 
This results in a positive sequence, negative sequence, and unbalance value for each 
window of simulated data. 
The voltage imbalance calculated from the controlled rectifier and uncontrolled 
rectifier chopper power supply simulations are summarized in Tables 5.3 and 5.4, 
respectively. 
Table 5.3: Simulated Controlled Rectifier Voltage Unbalance 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
Van(kV) 18.100 17.979 18.033 18.032 18.070 18.090 
Vhn(kV) 18.089 17.983 18.036 18.033 18.072 18.085 
Vcn(kV) 18.085 17.980 18.033 18.033 18.069 18.083 
Vpos(kV) 17.811 17.682 17.745 17.743 17.787 17.803 
Vneg(V) 33.171 1.1344 11.066 9.9960 20.316 28.545 
Yunb(%) 0.1867 0.0064 0.0624 0.0563 0.1146 0.1607 
Table 5.4: Simulated Uncontrolled Rectifier Chopper Voltage Unbalance 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
Van(kV) 18.984 18.973 18.978 18.978 18.982 18.984 
Vbn(kV) 18.983 18.971 18.978 18.977 18.982 18.983 
Vcn(kV) 18.984 18.972 18.978 18.978 18.981 18.983 
Vpos(kV) 18.948 18.942 18.946 18.946 18.948 18.948 
Vneg(V) 6.9327 0.6307 2.5697 2.3892 4.6635 6.4751 
Yunb(%) 0.0366 0.0033 0.0136 0.0126 0.0246 0.0342 
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The results show that the voltage imbalance is lower when using the uncontrolled 
rectifier chopper power supply. At the 95% CPF level the voltage imbalance for the 
controlled rectifier is 0.1146% as opposed to 0.0246% for the uncontrolled rectifier 
chopper. The results are very low since the supply is assumed to be balanced. In an 
actual industrial power system the supply voltage will have some existing unbalance 
which will tend to result in higher measured values. 
5.2.3 Voltage Flicker 
Voltage fluctuations are systematic variations of the voltage envelope, or a series 
of random voltage changes, the magnitude of which does not normally exceed the 
voltage ranges of 0.9 to 1.1 pu [125]. The term flicker is derived from the impact 
of the voltage fluctuations on lamps such that they are perceived to flicker by the 
human eye. One of the most common causes of voltage flicker on utility transmission 
and distribution systems are arc furnace loads. 
Voltage flicker is a difficult problem to quantify and solve because a combination 
of factors contribute to the flicker problem. Not only is some deviation in voltage 
supplying lighting circuits required, but a person must be present to view the possible 
changes in light intensity. Flicker does not damage electrical equipment connected to 
the system and is mainly an annoyance, particularly if the disturbances are cyclic or 
occur rapidly. 
The IEC defines flicker in terms of the statistical indices Pst and Plt [116]. The 
Pst represents the short-term flicker severity index and is calculated over a 10 minute 
interval, while the P,t represents the long-term flicker severity index and consist of 
12 Pst values. A Pst value greater than unity corresponds to the level of irritability 
for 50% of the persons subjected to the measured flicker. The Pst is calculated from 
instantaneous P15 flicker values recorded by the flickermeter described in [118]. A 
P1s value greater than unitr corresponds to the level of noticeability for 50% of the 
persons subjected to the measured flicker. 
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Since 10 minutes is too long for a PSCAD simulation a single P st value is calculated 
for the 20 second simulation. The instantaneous flicker values were obtained by 
constructing a modified version of the IEC fiickermeter [118] in PSCAD. The results 
were then subsequently analysed using Matlab to obtain the Pst values. The Matlab 
program is provided in Appendix C, while the compliance results from the PSCAD 
fiickermeter are provided in Appendix D. 
The instantaneous voltage flicker measured from the controlled rectifier power 
supply and the uncontrolled rectifier chopper power supply are summarized in Tables 
5.5 and 5.6, respectively. The instantaneous flicker values were calculated for each 
individual phase, as well as for the average distortion from all three phases. 
Table 5.5: Simulated Controlled Rectifier Instantaneous Voltage Flicker 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
Pf5a (pu) 6.6339 1.0967 2.5409 2.3131 4.5082 5.9110 
Pf5b (pu) 5.8278 0.7666 2.5084 2.3508 4.4023 5.5197 
Pf5c(pu) 7.2990 1.0037 2.7706 2.5649 4.8797 6.4364 
Pf5(pu) 6.5348 1.2097 2.6066 2.4602 4.5068 5.3238 
Table 5.6: Simulated Uncontrolled Rectifier Chopper Instantaneous Voltage Flicker 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
Pf58 (pu) 0.2107 0.0317 0.0854 0.0823 0.1391 0.1816 
Pf5b(pu) 0.2660 0.0271 0.0903 0.0839 0.1566 0.2123 
Pf5c (pu) 0.1861 0.0377 0.0917 0.0912 0 .1370 0.1620 
Pf5(pu) 0.1864 0.0491 0.0891 0.0889 0.1264 0.1639 
The results clearly show that the voltage flicker is lower when using the uncon-
trolled rectifier chopper power supply. The P st values corresponding to the tabulated 
instantaneous flicker for the controlled rectifier and the uncontrolled rectifier chopper 
power supplies are 1.4604 and 0.2663, respectively. 
To verify that the flicker results are appropriate the simulation values are com-
pared with six hours of measured data from two DC smelting furnaces. The measured 
flicker data is provided in Figure 5.10. 
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Figure 5.10: ~Ieasured DC Smelting Furnace Voltage Flicker 
The simulated results are in good agreement with the measured data, which sug-
gest that the PSCAD models are appropriate to represent a DC smelting furnace. 
The measured results are slightly different and tllis is mainly due to the fact that the 
DC furnaces investigated in this study are located on different power systems and 
running under different process conditions with different power levels. 
5.2.4 Power and Power Factor 
The power profile from a DC smelting furnace using a controlled rectifier power 
supply was compared to an AC furnace in Chapter 1 and was shown to be much 
more stable. A further reduction in power fluctuations are obtained when using the 
uncontrolled rectifier chopper power supply as shown in Figure 5.11. All data was 
trended at a 200 ms rate. 
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Figure 5.11: Measured DC Smelting Furnace Pm\-er 
Traditionally power factor was defined as the cosine of the phase angle between 
the voltage and current. This definition is accurate if there are no harmonics present 
on the system. This however, this will not be the case for most industrial applica-
tions especially those operating with EAF loads. When harmonics are present the 
terms displacement power factor and distortion factor are often used in power fac-
tor calculations. The displacement power factor results from the lack of coincidence 
of the phase angles between the voltage and current at the fundamental frequency. 
While the distortion factor represents the effect of wave shape distortions on the 
power factor. 
When the power and Rl\IS values of voltage and current are known as in this 
study, the per phase power factor can be calculated using [125] 
(5.13) 
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where P, Vln, and Iz are the per phase power, RMS line-to-neutral voltage, and 
RMS line current including harmonics. For the purpose of this study the values were 
averaged from each window and used to obtain the results. 
In unbalanced system with sinusoidal waveforms the definitions for apparent power 
and power factor in terms of sequence components are provided in (130]. When 
harmonics are present on unbalanced systems there are no clear definitions for power 
factor [125, 132] and in many cases the average value is calculated. 
The power factor measured from the controlled rectifier power supply and the 
uncontrolled rectifier chopper power supply are summarized in Tables 5. 7 and 5.8, re-
spectively. The tabulated values include the per phase power factor and displacement 
power factor, as well as the average power factor from all three phases. 
Table 5. 7: Simulated Controlled Rectifier Power Factor 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
P(MW) 51.464 51.306 51.379 51.381 51.432 51.463 
DPFa(pu) 0.7879 0.7705 0 .7795 0.7794 0.7862 0.7882 
DPFb(pu) 0 .7907 0.7698 0.7800 0.7804 0.7864 0.7891 
DPFc(pu) 0.7907 0.7713 0.7801 0.7796 0.7868 0.7902 
PFa(pu) 0.7694 0.7495 0.7587 0.7585 0.7656 0.7677 
PFb(pu) 0.7705 0.7488 0.7592 0.7595 0.7658 0.7688 
PFc(pu) 0.7703 0.7502 0.7594 0.7589 0.7664 0.7698 
PF(pu) 0.7688 0.7499 0.7591 0.7589 0.7654 0.7679 
Table 5.8: Simulated Uncontrolled Rectifier Chopper Power Factor 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
P(MW) 52.011 51.869 51.945 51.944 51.996 52.009 
DPFa(pu) 0.9571 0.9556 0.9562 0.9563 0.9567 0.9570 
DPFb(pu) 0.9570 0.9553 0.9562 0.9562 0.9567 0.9569 
DPFc(pu) 0.9569 0.9555 0.9562 0.9562 0.9567 0.9569 
PFa(pu) 0.9540 0.9522 0.9530 0.9530 0.9535 0.9538 
PFb(pu) 0.9538 0.9519 0.9529 0.9529 0 .9535 0.9537 
PFc(pu) 0.9537 0.9521 0.9530 0.9530 0 .9535 0.9537 
PF(pu) 0.9532 0.9525 0.9530 0.9530 0.9531 0 .9532 
As expected the results show that the power factor is much lower when using 
the controlled rectifier power supply. At the 95% CPF level the power factor from 
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the controlled rectifier is 0. 7654 as opposed to 0.9531 from the uncontrolled rectifier 
chopper. The results from the controlled rectifier can be expected to fluctuate as a 
function of the firing angle, while the results from the uncontrolled rectifier chopper 
will be more stable as the duty ratio changes. 
To verify that the power factor results are appropriate the simulation values are 
compared with measured data from two DC smelting furnaces. The measured power 
factor data is provided in Figure 5.12. 
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Figure 5.12: l\leasured DC Smelting Furnace Power Factor 
The simulated results are in good agreement with the measured data, which sug-
gest that the simulation is an appropriate means of comparing both rectification 
technologies. The measw·ed data is slightly higher and this is most likely due to the 
fact that the actual power supply is operating with a different value for the control 
variable. 
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5.3 Rectifier Performance 
Rectifier performance indices of interest interest include the efficiency ( rJe), recti-
fication ratio ( rJr), ripple factor (RF), form factor (FF), and transformer utilization 
factor (TUF) [143] . Each index requires knowledge of the average output voltage 
(Vd), average output current (Id), and DC output power, 
(5.14) 
as well as the RMS output voltage (Vdrms), the RMS output current (Idrms), and AC 
output power 
(5.15) 
The indices are defined using these parameters and are described in the following 
subsections along with the simulation results. The indices are calculated using the 
same windows of data presented in the previous section. 
An ideal rectifier should have a purely sinusoidal input current, that is in phase 
with the input voltage, and a ripple free output. This condition would result in an 
efficiency and rectification ratio of 100%, a zero ripple factor and form factor, and a 
transformer utilization factor of unity. 
5.3.1 Efficiency 
The efficiency is a measure of the losses through the power supply and is generally 
defined as the ratio of the input power to output power 
p 
rJe = pd X 100% (5.16) 
This is an important parameter to the furnace operator since it directly impacts on 
the operating cost of the furnace. 
It is anticipated that the losses in the controlled rectifier transformers will be 
greater due to the lower power factor and higher harmonic loading. However, the 
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losses in the uncontrolled rectifier and chopper sections will probably be greater due 
to the additional components and forced commutation technique used to switch the 
IGBT devices. 
The efficiency measured from the controlled rectifier power supply and the un-
controlled rectifier chopper power supply are summarized in Tables 5.9 and 5.10, 
respectively. The tabulated values include the control variable, input power, output 
power, and efficiency. The control variable is included to give an indication of the 
power supply operation under which the results were obtained. 
Table 5.9: Simulated Controlled Rectifier Efficiency 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
o(o) 38.866 37.167 38.032 38.054 38.515 38.7138 
P (MW) 51.464 51.306 51.379 51.381 51.432 51.463 
Pd(MW) 50.041 49.964 50.000 50.001 50.024 50.037 
'7e(%) 97.434 97.165 97.316 97.316 97.393 97.432 
Table 5.10: Simulated Uncontrolled Rectifier Chopper Efficiency 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
Duty(%) 72.578 70.270 71.281 71.265 72.013 72.550 
P (MW) 52.0ll 51.869 51.945 51.944 51.996 52.009 
Pd(MW) 50.019 49.987 50.000 49.999 50.010 50.017 
'7e(%) 96.385 96.146 96.256 96.253 96.340 96.379 
The results show that the efficiency is lower when using the uncontrolled recti-
fier chopper power supply. When comparing average values the efficiency from the 
controlled rectifier is 97.32% as opposed to 96.26% from the uncontrolled rectifier 
chopper. This results in approximately an additional 500kW loss from the uncon-
trolled rectifier chopper power supply when operating at the 50MW level. 
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5.3.2 Rectification Ratio 
The rectification ratio is a figure of merit that allows the rectifier effectiveness to 
be compared. The rectification ratio is defined as (143] 
pddc 
'TJr = y:;- X 100% 
Telae 
(5.17) 
where Pddc is the DC component of the output power and Pdac is the AC component 
of the output power. 
The rectification ratio from the controlled rectifier power supply and the uncon-
trolled rectifier chopper power supply are summarized in Tables 5.11 and 5.12, re-
spectively. The tabulated values include the DC component of the output power, the 
AC component of the output power, and the rectification ratio. 
Table 5.11: Simulated Controlled Rectifier Rectification Ratio 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
Pddc(MW) 50.060 49.977 50.010 50.009 50.034 50.052 
Pdac(MW) 50.086 49.994 50.030 50.029 50.061 50.079 
'17r(%) 99.985 99.919 99.961 99.962 99.979 99.984 
Table 5.12: Simulated Uncontrolled Rectifier Chopper Rectification Ratio 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
Pddc (MW) 50.043 49.995 50.011 50.010 50.026 50.040 
Pdac (MW) 50.087 50.007 50.028 50.027 50.050 50.081 
'17r(%) 99.984 99.913 99.966 99.968 99.978 99.983 
The results do not indicate that there is a significant difference in the rectification 
ratio between both power supply configurations. 
5.3.3 Ripple Factor 
The ripple factor is a measure of the ripple content in the output voltage. The 
ripple factor is defined as [143] 
RF= (5.18) 
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where Vd is the average output voltage and Vdrms is the RMS output voltage. 
The ripple factor from the controlled rectifier power supply and the uncontrolled 
rectifier chopper power supply are summarized in Tables 5.13 and 5.14, respectively. 
The tabulated values include the average output voltage, the RMS output voltage, 
and the ripple factor. 
Table 5.13: Simulated Controlled Rectifier Ripple Factor 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
Vd (V ) 871.43 843.34 856.89 856.63 865.93 869.46 
Vdrms (V ) 871.35 843.20 856.74 856.40 865.76 869.35 
RF(pu) 0.0268 0.0128 0.0189 0.0185 0.0236 0.0268 
Table 5.14: Simulated Uncontrolled Rectifier Chopper Ripple Factor 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
Vd(V) 874.66 845.06 858.26 858.01 867.42 874.47 
Vdrms (V ) 874.56 844.71 858.13 857.90 867.35 874.38 
RF(pu) 0.0288 0.0112 0.0168 0.0163 0.0213 0.0274 
The results do not indicate that there is a significant difference in the ripple factor 
between both power supply configurations. The average value from the controlled 
rectifier is slightly higher at 0.0189 as opposed to 0.0168 from the uncontrolled rectifier 
chopper. 
5.3.4 Form Factor 
The form factor is a measure of the shape of the output current. The form factor 
is defined as [143) 
FF = fdrms 
Id 
where Id is the average output current and Idrms is the RMS output current. 
(5.19) 
The form factor from the controlled rectifier power supply and the uncontrolled 
rectifier chopper power supply are summarized in Tables 5.15 and 5.16, respectively. 
153 
The tabulated values include the average output current , the RMS output current , 
and the form factor. 
Table 5.15: Simulated Controlled Rectifier Form Factor 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
l.t(kA) 59.298 57.403 58.387 58.413 58.923 59.144 
Idrms(kA) 59.287 57.396 58.374 58.396 58.901 59.133 
FF(pu) 1.0004 1.0001 1.0002 1.0002 1.0003 1.0004 
Table 5.16: Simulated Uncontrolled Rectifier Chopper Form Factor 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
l.t(kA) 59.270 57.189 58.293 58.305 59.002 59.193 
l.trms(kA) 59.243 57.181 58.282 58.291 58.987 59.174 
FF(pu) 1.0005 1.0001 1.0002 1.0002 1.0003 1.0004 
The results do not indicate that there is a significant difference in the ripple factor 
between both power supply configurations. 
5.3.5 Thansformer Utilization Factor 
The transformer utilization factor is a measure of the harmonic loading and power 
through the rectifier transformers. The transformer utilization factor is defined as 
[143] 
TUF = pd 
s 
where Pd is the output power and S is the apparent power at the input. 
(5.20) 
The transformer utilization factor from the controlled rectifier power supply and 
the uncontrolled rectifier chopper power supply are summarized in Tables 5.17 and 
5.18, respectively. The tabulated values include the output power, apparent power at 
the input, and the transformer utilization factor. 
As expected the transformer utilization factor from the controlled rectifier is lower 
than that from the uncontrolled rectifier chopper. The average value from the con-
trolled rectifier is 0. 7389 as opposed to 0.9175 from the uncontrolled rectifier chopper. 
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Table 5.17: Simulated Controlled Rectifier Transformer Utilization Factor 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
Pd(MW) 50.041 49.964 50.000 50.001 50.024 50.037 
S(MVA) 68.534 66.760 67.685 67.710 68.189 68.390 
TUF(pu) 0 .7491 0.7294 0 .7389 0.7386 0.7451 0.7477 
Table 5.18: Simulated Uncontrolled Rectifier Transformer Utilization Factor 
Variable Maximum Minimum Mean Median 95% CPF 99% CPF 
Pd(MW) 50.019 49.987 50.000 49.999 50.010 50.017 
S(MVA) 54.607 54.428 54.509 54.509 54.565 54.591 
TUF(pu) 0.9189 0 .9160 0.9175 0.9174 0.9184 0.9188 
This is a result of the phase control scheme used in the controlled rectifier power sup-
ply, which tends to lower the power factor and increase the harmonic distortion. 
The lower utilization factor dictates that a larger transformer must be used in the 
controlled rectifier case to deliver the same power to the furnace. 
5.4 Reliability 
Reliability is a measure of the performance of the system over a specified period of 
time, as opposed to quality, which is a measure of conformance to a specific standard 
at a given point in time [144]. A typical reliability analysis factors into account the 
failure rates for the components being used in the system to predict the Mean Time 
Between Failure (MTBF) and the Mean Time To Repair (MTTR). The failure rates 
for the type of components used in this study are provided in [145]. Once the MTBF 
and MTTR are known the system availability can be determined, and the reliability 
for various configurations can be compared. 
A detailed reliability analysis not only uses the failure rates from the various 
components but the number of components and configuration are also important. 
For instance, if additional units are connected in parallel it is possible to increase the 
reliability by adding redundancy to the system. All components including connections 
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need to be factored into the equation to arrive at an accurate estimate. A statistical 
analysis of the data and the assumptions used in the calculations are then factored 
in to provide confidence levels for the predicted system availability. The procedure is 
complicated and not required to compare different configurations. 
A simplified method based on parts count analysis can be performed to obtain at 
a quick comparison [145] between both power supply configurations. This approach 
is accurate since the reliability of any given technology is directly proportional to the 
component count and to the electrical and cooling system connections used within 
the system. The interest in this study is to determine which system is more reliable 
and not to arriving at actual numbers for the system availability, hence the parts 
count method will be used. 
5.4.1 Controlled Rectifier 
There are approximately 678 components used in the power and cooling circuits 
for the controlled rectifier power supply. The major components are summarized in 
Table 5.19. 
Table 5.19: Controlled Rectifier Parts Count 
Power Supply Component Quantity 
Transformers 2 
Input Surge Arrestors 12 
Damping Resistors 6 
Damping Capacitors 6 
Rectifier Thyristors 108 
Rectifier Snubber Resistors 108 
Rectifier Snubber Capacitors 108 
Rectifier Fuses 108 
Rectifier Cooling Connections 216 
Output Surge Arrestors 2 
Output Reactors 2 
TOTAL 678 
A similar analysis is performed in [7] for a 600 V controlled rectifier power supply 
with a 80 kA current limit. The total number of components in that example was 
Table 5.20: Uncontrolled Rectifier Chopper Parts Count 
Power Supply Component Quantity 
Transformers 2 
Input Surge Arrestors 12 
Damping Resistors 6 
Damping Capacitors 6 
Rectifier Diodes 108 
Rectifier Snubber Resistors 108 
Rectifier Snubber Capacitors 108 
Rectifier Fuses 108 
Rectifier Cooling Connections 216 
DC Link Capacitors 144 
DC Link Resistors 36 
Chopper Module IGBTs 72 
Chopper Module Freewheeling Diodes 36 
Chopper Module Snubber Resistors 108 
Chopper Module Snubber Capacitors 108 
Chopper Module Snubber Diodes 216 
Chopper Module Paralleling Reactors 72 
Chopper Module Fuses 144 
Chopper Cooling Connections 216 
Output Surge Arrestors 2 
Output Reactors 2 
TOTAL 1830 
approximately 1500, which includes 720 electronic components. 
5.4.2 Uncontrolled Rectifier Chopper 
There are approximately 1830 components used in the power and cooling cir-
cuits for the uncontrolled rectifier chopper power supply. The major components are 
summarized in Table 5.20. 
A similar analysis is performed in [7] for a 600 V uncontrolled rectifier chopper 
power supply with a 80 kA current limit. The total number of components in that 
example was approximately 13500, which includes 12000 electronic components. 
For the two power supplies analyzed in this chapter it can be concluded that the 
uncontrolled rectifier chopper system will have a failure rate that is approximately 
2.5 times that of the controlled rectifier. The results in [7] are more dramatic and 
predict a failure rate of 4 to 8 times. In any event the MTBF of the uncontrolled 
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rectifier chopper power supply will be significantly greater when compared to a similar 
controlled rectifier power supply. It is also anticipated that the increased component 
count will result in longer trouble shooting periods thereby increasing the MTTR and 
further reducing the system availability. 
The controlled rectifier has been used in numerous electric arc furnace power 
supplies and has field-proven reliability. The reliability of the uncontrolled rectifier 
chopper power supply is still not sufficiently proven to enable an actual assessment 
when compared with more established rectification concepts. Specifically, the perfor-
mance of the DC link capacitors and their ability to withstand high ripple current 
over many years of operation will need to be evaluated based on actual operating 
data. A major contributor to the MTBF on low and medium voltage drives are the 
failure of similar capacitors [7]. 
5.5 Summary 
The uncontrolled rectifier chopper power supply is less disruptive to the utility 
system than the controlled rectifier power supply. This is evident when comparing 
the power quality parameters at the input. The uncontrolled rectifier chopper com-
bination also has a better utilization factor and thus requires a smaller transformer. 
The waveforms at the output are not significantly affected by either power supply 
configuration. 
The additional energy conversion and energy storage elements in the uncontrolled 
rectifier chopper power supply dictate that the losses associated with this configu-
ration are higher than those observed when using an equivalent controlled rectifier 
power supply. The additional components also lower the reliability and increase the 
cost of the uncontrolled rectifier chopper power supply. 
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Chapter 6 
Conclusion 
A description of the controlled rectifier and uncontrolled rectifier chopper power 
supply configurations, including the operating and control characteristics, has been 
presented in the thesis. The power supplies were of the type used in high current in-
dustrial applications including DC smelting furnace power supplies. Equations were 
provided for the ideal cases of constant current or constant voltage output, and were 
used to approximate the power supply characteristics without using detailed simula-
tion. 
In the event that a detailed dynamic simulation is required, an electric arc furnace 
model that can be used in an electromagnetic transient simulation environment was 
developed. The PSCAD program was chosen for this study and all model parame-
ters including the smelting furnace model, power supply models, and control system 
models were included in enough detail to reproduce measured results from a known 
system. If necessary the models can be transferred to another similar program if 
PSCAD is unavailable. 
In addition, a comparison of both the controlled rectifier and uncontrolled rectifier 
chopper power supply configurations and an assessment of their suitability for DC 
smelting furnace applications were presented. The comparison investigated the power 
quality at the input, the rectifier performance, and the reliability. It was determined 
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that the uncontrolled rectifier chopper power supply performed better with regard to 
power quality and rectifier performance while the controlled rectifier power supply 
had better efficiency and improved reliability. 
6.1 Orginal Contributions 
The major contribution from the thesis was to provide an unbiased opinion as to 
which power supply configuration is better suited for use with a DC smelting furnace 
load. To compare both configurations with the same load and the same power system 
parameters a PSCAD simulation was performed. In order to verify that the models 
were accurate enough to represent an actual industrial system measurements were 
performed at two smelting facilities operating DC smelting furnaces with each power 
supply configuration. 
The power supply configurations and control structures shown in Chapter 2 for 
the controlled rectifier, and in Chapter 3 for the uncontrolled rectifier chopper power 
supplies are of the type used in industry. Both configurations have been described in 
detail and the number and type of components required to construct a 50 MW power 
supply have been provided in Chapter 6. This information is difficult to obtain in 
published literature and as such has been included in the thesis. 
The electric arc model used in the PSCAD simulations was based on temperature 
dependent thermodynamic and transport properties from typical arc furnace plasma. 
The channel arc model then used these temperature dependent parameters to repre-
sent the physical electric arc portion of the smelting furnace load. The arc length was 
randomly fluctuated at various frequencies to represent the operating characteristics 
from a DC smelting furnace. 
Previous arc models were used to approximate the physical characteristics of the 
arc or to show the steady-state electrical characteristics under various conditions. 
These models were often represented by a fluctuating resistor or voltage source. The 
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model outlined in this study consists of a fluctuating resistor along with a voltage 
source to represent the nonlinear arc characteristic. Unlike previous furnace models 
the physical characteristics from the arc can be obtained if required. 
The thesis also includes a model of the IEC flickermeter adapted for use in a 
simulation environment where it is not possible to run cases to represent 10 minutes 
of operation. The model has been tested and shown to be compliant with test points 
provided by the IEC for both 50 Hz and 60 Hz systems. As with the electric arc 
furnace model the fiickermeter model can easily be transferred to another program 
other than P SCAD provided that filter models are available or can be constructed 
using other components. 
6.2 :Future Analysis 
The slag layer within the smelting furnace was approximated as a fixed resistor 
which does not represent the operating case. In reality the bath resistance will fluctu-
ate as the DC arc forms a depression in the slag layer. The depression is continually 
changing as the arc current fluctuates and the arc position moves. The size of the 
depression determines the slag depth and hence the slag resistance. This requires 
knowledge of the slag properties and the force of the arc jet to implement and should 
be incorporated to more accurately represent the smelting furnace load. 
The controls were modeled based on PI controller configurations as is the practice 
in industry. However, as new advanced controls become more widely used the simula-
tion should be updated to investigate new controller configurations and to determine 
the optimum control system to effectively stabilize the arcing load. The controls for 
the electrode regulation should also be included in the model to fully represent the 
smelting furnace system. 
The IEC fiickermeter as it is implemented does comply with the test standard. 
However, it requires approximately 20 seconds to stabilize and give meaningful results. 
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This is often longer than the required study period and involves a long simulation time 
before the actual study can be started. This can be avoided by properly initializing 
the filters used in the model and should be completed if a number cases for a particular 
study dictate performing the required modifications. 
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Appendix A 
EUPEC Device Data Sheets 
This appendix contains partial data sheets for the following EUPEC power elec-
tronic devices: 
1. T4771N Phase Control Thyristor 
2. D4709N Rectifier Diode 
3. FZ1200R IGBT Module 
4. D2659N Rectifier Diode 
5. D1408S Fast Diode 
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Technische Information I Technical Information eupec 
Netz Thyristor T 4771 N 22 .. . 29 TOF ~ Phase Controj Thyristor N 
Features: 
Voile Sperrfiihigkeit bei 125" mit 50 Hz Full blocking capability at 125"C with 50 Hz 
Hohe StoBstrOme und niedriger Warme- High surge currents and low thermal resistance 
widerstande durch NTV-Verbindung by using low temperature-connection NTV 
zwischen Silizium und Mo-T ragerscheibe. between silicon wafer and molybdenum. 
Elektroaktive Passivierung durch a - C:H Electroactive passivation by a - C:H 
Elektrlsche Elgenschaften I Electrical properties 
HOchstzulassige Werte I Maximum rated values 
Periodische Vorwarts - und ROckwarts - Spitzensperrspannung f• 50Hz v,_, l,;m = -40"C t..;- =o·c 
repetitive peak forward off-state and reverse voltage v_. 2200 2250 v 
2600 2650 v 
2800 2900 v 
2900 3000 v 
Durchlallstrom-Grenzeffeklivwert ,..,..... 10200 A 
RMS forward current 
Dauergrenzstrom \c • es-c. f • 50Hz. frAw 4T70 A 
mean forward cunent tc•WC, f•SOHz 6500 A 
StoBstrom-Grenzwert .... 2S"C,~- , .... tr ... 95 kA 
surge forward current ....... _ ... , .... 90 kA 
Grenzlastintegral ... 25-c, ........ t't 45,1·10' A2s 
121-value ...... _ ... , .... 40,5 · 1o' A2s 
Kritische Stromste~heit DtHEC 7•47-e (dVdt)a. 300 A/IJS 
aiticat rate d rise of on-state current t • 50Hz.. Yo •0,67 v_ '- • JA. 
---Kritische Spamungssteilheit t.. • to.- Yo • 0,67 Vo- (dv/dt)a. 1000 V/IJS 
critical rate of rise of off-state voltage s.~/Sitlt.c.F 
BIP AM ISM PB; 200144-10, Przybilla J./ Keller Release4 Seile/paqe 1 
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Technische Information I Technical Information eupec 
Netz Thyristor T 4771 N 22 .. . 29 TOF [!{] Phase Control Thyristor 
--f*--
Charakleristische Werle I Characteristic values 
DurchlaBspamung typ max 
on-state voltage ....... _.,. .... vr 1,11 1,14 v 
typ max 
Schleusenspamung /threshold voltage ....... _ Vcrol 0,796 0,821 v 
Ersatzwiderstand I slope resistance 
_,  
rr 0,0760 0,0774 mO 
typ max 
Durchlalltechenkennlinie 1000 As iTs 10000A ....... _ A -<1,1085 -<1,1 065 
on - state characteristics for calculation 8 0,0000126 0,0000273 
VT = A+B · ~ + C· In(iT + 1)+D · .Ji; c 0,0886 0,0993 D 0,0069 0,00496 
ZOndstrom t.t·25~.¥o•6V IGT 350 mA 
gate trigger current 
ZOndspannung t.,.•25-c. ~•IV VGT 2,5 v 
gate trigger voltage 
Nicht zOndender Steuerstrom t..•t..-vo•ffll IGD 20 mA 
gate noo-trigger current l.,""\..t-Yo•O,S.Y"""' 10 mA 
nicht zOndende Steuerspannung '-t•t..-v0 •0,5VDMI VGD 0,4 v 
gate noo-lrigger voltage 
Haltestrom t..""25"'C.Yu• t2V,R.• 4,7Q ... 350 mA 
holding current 
Einraststrom t..•25"C, VI)•12Y, Rc.;2:100 ... 3 A 
latching current '- ..... -. A.\>0 .... 20pa 
VO<Warts- und ROckwarts-Spe<TStrom ....... _ lo.iR 200 mA 
forwanl olf-state and reverse currents v0 •VC'JIIWoVW.•V-
ZOndverzugszeit otN IEC 747..fJ 
""' 
1,5 ~· gate oontrolled delay time .... 25"C, 
'- • 3A. d,.ldl• SM.~• 
Freiwetdezeil s..·~.t-ini·Jr- lq typ. 250 ~· circuit commutated tum-off time ... _ • 1oov. VDM • o,57 v_ 
-·20Viloa,-•11W"' 
4 _ 1<ennbuctwtabe I 4 1t't leltlw 0 
SperrverzOgerungsladung ....... _ a. 12 mAs 
recovered charge '"'. 3500A.-·· ....... v,-o,sv- .v-·o.av-
ROckstromspitze ....... _ I .... 320 A 
peak reverse recove<y current ~-~cMI•10At\la 
v, '"'o.s.v_ . v_ • o.s-v-
BIP AM ISM PB; 2001-04-10, Przvbilla J ./ Keller Release 4 Seit.V_page 2 
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Netz Thyristor T 4771 N 22 ... 29 TOF 
---f:*-Phase Control Thyristor N 
Thennlsche Eigenschaften I Thennal properties 
lrnerer warmewiderstand beidseftg/~, 8•180aain R..x: 0,0048 "CIW 
thermal resistance. junction to case ~~~. DC 0,0045 "CIW 
_, __ 
DC 0,0085 "CIW _,_ 
DC 5 "CIW 
0,0095 
Obergangs-Warmewidersland ~/two-cided R.t.o. 0,0015 •CfW 
thennal resistance, case to heatsink --lg/singl....:ied 0,0030 "CIW 
HOChstzulassige Sperrschichttemperatur l'4'jmp 125 ·c 
max. junction temperature 
Betriebstemperatur ~c.,. -40 ... +125 ·c 
operating temperature 
Lagertemperatur t..., -40 ... + 150 ·c 
storage temperature 
Mechanische Elgenschaften I Mechanical properties 
Gehause, siehe Anlage Seite4 
case, see appendix 
Si--Eiement mit Druckkonlakl. Amplifying gate Snizium T ablette 100TN29 
silicon pellet with pressure contacL amplifying gate silicon wafer 
AnpreBkraft F 63 ... 91 kN 
clampig fofCe 
Gewicht G typ. 2500 g 
weight 
Kriechstrecke 33 mm 
surface aeepage distance 
Feuchteldasse OIH40CHO c 
humidity dassification 
Schwingfestigkeit f•SOHz 50 m/s2 
vibration resistance 
Jr.t1 cl_.lech1iad'w1 "*'"'-tion.....rnen Hatill~-spezitz)ert.j~Mioc:h keine ~ zugMichert. Sie gitlln VerbKkM'1g trit 0.. zugehOngen ~ ~-
This t.d'ric::allrlornwtion spedftu serriconctt.dor  bul prorri._ no ~tica. It is wid in continlllicn with tw belonging a.c:tv1ical notes. 
BIP AM ISM PB; 2001-04-10, Przybilla J ./ Keller Release 4 Seitelpage 3 
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Netz Gleichrichterdiode D 4709 N 20 ... 28 N 
* 
Rectifier Diode 
Elektrische Eigenschaften I Electrical properties Vorllufige Oaten 
HOchslzlJassige W8112/ MaJcimum rated values Preliminary Data 
Periodische Spitzensperrspannung T~;-4Q"C ... T~- v.,... 2000 2200 v 
repelitille peak lorwatd reverse voltage 2400 2600 v 
2800 v 
Stoespitzensperrspannung T~;+25"C ... T~- v_ 2100 2300 v 
nm-<epetitiw! peak reverse V<lilage 2500 2700 v 
2900 v 
Dun::hlaJlslrom-Grenzeffektivwert ......... 8.400 A 
RMS lo!ward CU!T9nl 
Dauergrenzstmm Tc ; 100"C ...... 4.700 A 
mean folward current Tc ; 87"C 5.348 A 
Stonstrom-Grenzwert T~; 25•c. tp ; 10 ms ..... 71.000 A 
surge lcward CU!T9nl T~; r,. tp; 10ms 60.000 A 
Grenzlaslintegral T~; 25"C. tp; 10ms l"t 25.205 A's"10"' 
Pl-lr.ltue T~; T~- tp; 10ms 18.000 A's"10"' 
Charakleristische Werte I Characteristic values 
Durt:hlaBspannung T..,:::T..,_, j,; 11,0kA 
"" 
max. 1,65 v 
lotward voltage T~;T~- · j,; 4,0kA 
"" 
max. 1,12 v 
Schleusenspannung T'<lf==T.,.,_ v(lO, 0.83 v 
threshold voltage ~.ow-level tr~s 5000A v(lO, 0.68 v 
Ersatzwiderstand T'IIJ = T..;~ ry 0,07 mll 
lotward slope resistance ~.ow-level tr..-s 5000A rT2 0,104 mll 
Durchlal!kennlinie 1'111-I'I'JrTWX A; 1,403E+OO 
on-stale voltage 8; 2. 111E.{)5 
Vr =A+ B · ir + C · Ln(ir +I)+ D · ..{;; <> -1.405E-<l1 
D= 1.255E-<l2 
Sperrslrom T~;T~- VR = VRIW ;,. max. 200 mA 
reve~anent 
Thermische Eigenschaften I Thermal properties 
lnnerer Wall1leWidersland KUhlftaclle I c:xx*1g surface Ro..oc 
lhennal resitance, juncbon to case beidseitig I Jwo.sided.9=180".-, max. 0,0080 "CJW 
beidseitig I two-sided. DC max. 0.0073 "CJW 
Anode I anode, e =180.sin max. 0,0147 .CJW 
Anode I anode, DC max. 0,0136 "CJW 
Kalhode I cathode. e =180"sin max. 0,0174 "CJW 
Kalhode I cathode, DC max. 0,0160 "CJW 
Obergangs- Warmewiderstand KUhtllactle I cooling surface Row. 
thermal resitance, case to heatsink beidseitig /two-sided max. 0,0025 "CJW 
einseilig I singi<Hided max. 0,0050 "CJW 
HOchstzulassige Sperrschichttemperatur r,._ 160 •c 
max. junction temperature 
Belriebstemperatur r.,. -40_.+160 •c 
operating lemperature 
Lagertemperatur T,.. -40 ... +150 ·c 
• ..,_ le"1""3lure 
I prepared by: K.-A. Rother I da~ .of publication: ()Q. 1 G-23 I I 
BIPAM 
I :approved by: J. N0110tny revts.on: 1 A26IOO SeRe/page 1 
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Netz Gleiclvichterdiode D 4709 N 20 ... 28 N 
* 
Rectilier Diode 
Vonlufige Daten 
Mechanlsche Elgenschaften I Mechanical properties PTeliminary Data 
Gehause, siehe Anlage Seite 3 
case, see appendix page3 
Si-Element mit Oruckkootakt 
Si-pellet with pressure oontact 
Anp.-eBkraft F 42 ... 95 kN 
damping fo.-ce 
Gewicht G typ. 1200 g 
-ight 
Kriechslrecke 36 mm 
aeepage distance 
Feuchteklasse DIN40040 c 
humidity dassificalion 
Schwingfestigkeit f=SOHz 50 m/s' 
vibration resistance 
KOhlkorper/heatsinks : KE01800W 
Mt cfoeser technischen lnformabon -men Halbleiterbauelernente spezifiziert, jedoch kellle Eigenschaflen zugesidlert. Sie giK 
in Vertlindung mij den ZJJgehOngen Technisdlen EnauterungenJ The technicallnfomlalion specifies semiconductors devices but 
prorrises no characteristics. H is valid in combination with the belonging technical notes. 
BIP AM I 00.1().23, K.-A. ROther A26<X: Seije/page2 
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IGBT -Module FZ 1200 R 33 KF2 IGBT-Modules 
Hochstzulassige Werte I Maximum rated values 
Elektrlsche Elgenschaften I Electrical properties 
·-
~-Emitter-5perrspannung T1o 25"C 
collector-<lfTlitW YOitage T1= ·25"C 
Kolleldor·DauargleChstrom Tcz80"C 
OCi:ollecUlr cooent Tc•25"C 
Periodischer Kollel<!or Spitzens1rom t,.•1 ms, Tc•BO"C 
..__ peak colkoetttr cwrant 
Gesamt-Verlus1leistung T c-=25"C, TransistOt" total_. dissipatiOn 
Gata-Emitter-Spitzenopannung 
gai<H>mitter peak voltage 
Dauargledtstrom 
DC forward cunent 
Periodischer Spitzenstrom t,.•1 ms 
.._.;tive peak forw. cunent 
GrenzlastintegraJ der Diode VR • OV, f,.•10ma, TVf• 125'C 
r't · value, Diode 
SpitzenY1!<1ustleistung der Diode T1= 125"C maximum _. d;ssipalion d<>de 
lsolatiOnS·Prutspannung RMS, f =50 Hz, I= 1 min. insulation lest voltage 
Teilenlladungs·Aussei2Spallnung RMS, f =50 Hz, ~s 10 pC (ace. to IEC 1287) panial discharge extinctiOn voltage 
Charakteristische Werte I Characteristic values 
Transistor I Transistor 
Kolel<tor·Emitter 5attigungsopannung lc•1200A, VGE.• 15V, TV] =25"C 
colector-emitter saturation voltage lc • 1200A, VOE • 15V, T, = 125"C 
Gata-SchweJienspannung lc •120mA,V~=VGb T..,=25"C gate threshold vohage 
Eingangskapazitat f•1MHz,T•• 25"C,V~ = 25V, VGE. • OV Input capacitanc:e 
--- - -
ROCkwirtcungskapazita.1 f • IMHz.T..,= 25"C,V~ = 25V, VGE. • OV ~ ll'arlSfer capacitanc:e 
Gateladung VGE. • ·15V -· + 15V, 't£"" 1800V gate charge 
Ko-·Emlltar Reststrom V~ • 3300V, V<£ • OV, T,. = 25"C 
c:oKeciDr-emitter art-off current Va • 3300V, V"" • OV, T,. = 125"C 
Gate-Emitter Reststrom V~ = OV, V"" • 20V, T, = 25"C gat1Himitter leakage cunent 
I prepared by: JOrgen GOtten date of ptAJrtealion : 08.06.99 
:approved by: Chr. Llibke; 20.07.99 tWislon: 3 
1 (9) 
181 
.,--
Vcv; 
lc.-
lc 
leA.. 
P,. 
Voe 
"' 
._ 
r't 
I P..,.. 
Vea.. 
Vrtn. 
v~ .. 
v_.. 
c,. 
I 
c_ 
I a. 
leu 
I lo.s 
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eupec 
-1t:) 
Daten blatt 
data sheet 
min. 
4,2 
I 
I 
3300 I v 3300 
1200 A 
2000 A 
2400 A 
14,7 kW 
+I-20V v 
1200 A 
2400 A 
500.000 A's 
1.200 kW 
6.000 v 
2.600 v 
typ. max. 
3 ,40 4,25 v 
4,30 5,00 v 
5,1 6,0 v 
150 nF 
r---
8 nF 
22 ~c 
0,15 12 rnA 
60 150 mA 
400 nA 
a..rclllll fZ 1200 A S3 KF2 
20.07..99 
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IGBT-Module FZ 1200 R 33 KF2 --u:} IGBT-Modutes 
Daten blaH 
data sheet 
Charakteristische Werte I Characteristic values 
Transistor.! Transistor _ min. typ. max. 
- - --- --- -.- ~-- -- .--
BnscllaltvetzOgerungszeit (oncl. Last) lc•1200A, Vee•1800V 
rum on delay time (oncluctive load) V.,.•±15V, Ra•1.2G.Ca.•220nF,T~=25"C 1,...., 370 ns 
V.,. • ±15V, flo • 1,2 G. C.,. • 220nF, T • • 125"C 350 ns 
Anstiegszeit ~nduk!ive Last) lc= 1200A, Veez1800V 
rise time (onduaive load) V"" = ±15V, Ra• 1.2 G. Ca. • 220nF, T.;• 25"C ~ 250 ns 
VGE = i15V, fla •1.2 G. Ca.= 220nF, T~· 125"C 270 ns 
Abschai1Yerz0ge~ (oncl. Last) 1c ·1200 A. Vee • 1800V 
tum aff delay time ~nductive load) V.,. • ±15V, flo• 1.2 G. Ca. =220nF, T~· 25"C ~ 1550 ns 
v .. • ±15V, flo • 1,2 G. Ca.= 220nF, T;= 125"C 1700 ns 
Fallzeit (oncluktiVe Last) lc • 1200 A. Vee • 1800V 
fall time (IOductive load) V.,.•±15V, Ra•1 ,2G.Ca.•220nF, T~·25"C ~ 200 ns 
V.,. = i15V, flo • 1,2 G. Ca. • 220nF, T,• 125"C 200 ns 
Einschal1Ver1us1en&rjjie pro Puis lc•1200A. Vee•1800V, v.,..15V 
tum-oo energy loss per pulse flo• 1.2 G. Ca. • 220 nF, T,. 125"C, 4• 40nH E.. 2880 mWs 
Abschai1Verlus1energie pro Puis lc•1200A. Vee•1800V, v ... 15V 
runH>If energy loss per pulse flo= 1,2 G. Ca. • 220 nF, T~ • 125"C, 4= 40nH E.. I 1530 I mws 
KurzschluBverhal1en .. s 10!Jsec, v .. s 15V I 
sc Da10 T.,s125"C, v~v. v.,.,_,Vcu·L.c. -dVdt lsc 6000 A 
Modufondul<!Mt!1 
L.c. 10 nH stray inductance module 
Modu~Leitu~. AnschiOSse ·Chip To25"C Ra:--<r I 0,12 I mO lead rasiS1anee, 1enninals • chip 
---· --- ---
_ __.__ 
Charakteristische Werte I Characteristic values 
Diode I Diode min. typ. max. 
Oun:hla6spamung 1o • 1200 A. V.,. • OV, T~ = 25"C VF 2,80 3,50 v 
to<watd voltige lo•1200A, V.,. • OV, T.;•125"C 2,80 3,50 v 
RUCks1romspi1ze lo • 1200 A. • d~ • 3800 AiiJsec 
peak reverse recovery cumwrt V• • 1800V, VGE • ·10V, T;• 25"C 
""' 
1025 A 
V• • 1800V, VGE • ·10V, T.; • 125"C 1100 A 
Spem~O<ZOgerungsledung lo • 1200 A. . d~ • 3800 AiiJsec 
recovered chatJje V• • 1800V, VGE • ·10V, T.; = 25"C a. 710 !!AS 
V• = 1800V, VGE • ·10V, T.; = 125"C 1320 !!AS 
Abschal1en&rjjie pro Puls lo • 1200 A, • cffF/dt • 3800 AiiJsec 
"'""""' I'II<X>-r energy V• = 1800V, VGE = ·10V, T.; = 25"C e_ 730 mws 
V• • 1800V, VGE = ·10V, T.; • 125"C 1500 mWs 
2 (9) o..rdlrt f2 1200 R 33 KF2 
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IGBT-Module FZ 1200 R 33 KF2 
-lt<T IGBT-Modules 
Daten blatt 
data sheet 
Thermische Eigenschaften I Thermal properties 
min. typ. max_ 
lnnerarWirmewide!stand Transistor I transis1Dt, DC R...oc 0,0085 KIW 
lllermal resistance, junction ID case [);odell);ode, DC 0,0170 K/W 
Obe<gangs-WArmewiderstand pro Moduli per module R..co. 0,004 K/W thermal resistance, case to heatsink A,... • 1 W/m'K I 1,.- z 1 Wlm'K 
HOcl'lslzulassige Sperrschichttemperalur T, I 150 "C 
maximum junction temperature 
Betriebstemperatur T. -40 125 "C 
opo<ation tempera1ure 
---
-
. 
--
Lagenornperatur T.,. -40 125 "C 
storage lomperatunt 
Mechanische Eigenschaften I Mechanical properties 
Gehause, siehe Anlage I I case, see appendix I 
--
I Material Modulgrundplatte AISiC material of module baseplate 
- -
I I lnnent l~ation AIN Wnemal insulation 
Kriechstrecke I """'P8Q8 distance I 32,2 mm 
luftstracka I I 19,1 mm c:learanee 
en 
I >400 oomperative tracking index 
Anzugsdrehmoment f . mech. Befestigung I M1 5 Nm mounting torque 
Anzugsdrehmoment f. - · AnschlUss& I lemlinals M4 M2 2 Nm lemllnal connection to<que tenninals M8 8 .. 10 Nm 
Gewic:ht I weight G 1500 g 
Mtt dieser technischen Information werden Halbletterbauelemente spezifiziert, jedoch keine Eigenschaften zugesichert. 
Sie gilt in Verbindung mit den zugehOrigen Technischen Er!Auterungen. 
This technical information specifies semiconductor devices but promises no characteristics. It is 
valid in combination with the belonging technical notes. 
3 (9) ~FZ 1aDOASJKF2 
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Netz-Gieichrichterdiode D2659N Rectifier Diode 
Elektrische Elgenschaften I Electrical properties 
HOchstzulassige Werte I Maximum rated values 
Periodische Spitzensperrspamung T..,: -40•c ... T.,_ v- 2000 2200 v 
repetitive peak reverse voltages 2400 v 
Sto&pitzensperrspannu.ng Tvt=•25·c ... r.,_ v_ 2100 2300 v 
non-<epeUtive peak reverse YOI'- 2500 v 
Ourchla6strorn-GrenzeffekUvwert 1....,.. 4710 A 
maximum RMS on-state current 
Oauergrenzstrom Tc=1oo·c lfAW 2650 A 
average on-state current Tc= 53•c 3000 A 
Sto&trom-<>renzv;ert T~ =25·c.t,. =10ms 1,.. 41000 A 1) 
surge current r .... =r"'-· t,.=10ms 33500 A 
GrenzlasUntegral T~= 25 ·c. t,. -10 ms PI 8405 kA's 
PI-value T~ =T~-· t,.=10ms 5611 kA's 
CharaklerisUsche Werte I Characteristic values 
Ourchla6spamung T~- T~-.;. =9,0kA v. max. 2.25 v 
on-state~ T..,=TVJ-·iF =2.5kA max. 1,25 v 
Schleusenspannung r.., -r.,_ v(TO) 0,82 v 
llveshold YOI._ 
Ersatzwiderstand T.,=T.,_ ,, 0,148 mO 
slope resistance 
Durchlaf!kennlinte T"' =r.,_ A= -4,562E-01 
on-state characteristic B= 1,522E-04 
VT "" A + B · lr + C · ln(IT + 1) + D -..{I; C= 2,069E-01 0= -5,1 83E-03 
Sperrslrom T"'- T"',... YR- VRRM iR max. 200 mA 
reverse current 
Thermischa Elganschallan I Thermal properties 
lnnerer Warmewiderstand KOhHUiche I cool!!!g surface R...c 
lhennal resistance, junction to case beidseilig I ~sided, 8 - 1ao•s1n max. 0,0169 •CfW 
beidseilig I ~sided. DC max. 0,0160 .C/W 
Anode I anode, 8 = 1ao•sin max. 0,0329 •CfW 
Anode I anode, DC max. 0,0320 •CfW 
Kathode I cathode, 8 = 180.sin max. 0,0329 •CfW 
Kalhode I cathode, DC max. 0,0320 .C/W 
Obergangs-Wannewiderstand KQhltlache I cooli!!!l surface Root 
thermal resistance, case to heatsink beidseilig I ~sided max. 0,0025 •CfW 
einseilig I single-sided max. 0,0050 •CfW 
HOchstzullissige Sperrschichttemperatur r.,_ 180 ·c 
maximum junction temperature 
Belriebstemperatur r ... -40 ... +150 ·c 
operaUng temperature 
Lagertemperatur T.., -40 ... +150 ·c 
stornge temperature 
prepared by: I M,Oroid,_ I date of publication: I 19.08.02 
approved by: I J.Novotny I revision: I 2 
1) GeMusegrenzstrom 32 kA (50 Hz Sinushalbwelle).l peak case non-rupture current32 kA (50 Hz sinusoidal halt-wave). 
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Daten blatt I Data sheet eupec 
Netz-Gielchrichterdlode D2659N Rectifier Diode 
Mecllanlsche Elaenschaften /Mechanical properties 
GeMuse, siehe Anlage Seite 3 
case, see 3fVleX page3 
Si-Element mit Druckkontakt 
Si-pellet with pressure contact 
Anprellkraft F 24 •.• 60 Nm 
clamping force 
Ge-Mcht G typ. 540 9 
weight 
Kriechstrecke 40 rMl 
creepage distance 
Schwingfestigkeil !=50Hz 50 rrJs• 
vibration resistance 
Mit diesem Datenblatt werden Halbleiterbauelemente spezifiziert, jedoch keine Eigenschaften zugesichert. Sie g~t in 
Verbindung mit den zugeh6rigen technischen Er1l!uterungen. 
This data sheet specifies semiconductor devices, but promises no characteristics. It is valid in combination with the belonging 
technical notes. 
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Technische Information I Technical Information eupec 
Schnelle Gleiclvich- D 1408 s 20 ... 25 s * Fast Diode 
Elektrische Eigenschften I Bectrical properties 
HOchstzutassige Werle I Malcimum rated values 
Periodisclle Spitzenspem;pannung T,.=-2s·c ... r,._ v,._ 2000 v 
repetitive peak !award """""" IIOIIage 2500 v 
StoBspilzenspem;paMUng T" = + 2s·c-.r.,._ v .... 2100 v 
non-<epeliliw peak """""" IIOIIage 2600 v 
DurdllaBstrom-Grenzeffeldiywert 
""""" 
3360 A 
RMS fo<ward current 
Dauergrenzstrom Tc=as·c hvw 1410 A 
mean forward QJl'TBflt Tc =52·c 2140 A 
StoBslr'Om-Grenzwert T, = 25"C, lp = 10 ms ~,. ... 27500 A 
surge Iowan! current T,.=T,._tp= 10ms 24000 A 
Grenzlastintegral T,. = 2s·c. 1p = 10ms PI 3780000 A's 
1'1-value T,.=T.,._tp= 10ms 2880000 A's 
Charakteristische Werle I Characteristic values 
DurdllaBspaMung T,.=T,._i,= 6400A 
"" 
max. 2,62 v 
forward voltage 
Schleusenspannung T,=T .. - Vrrot 1,16 v 
threshold voltage 
Etsatzwiderstand Tllf=T,._ rr 0,21 mn 
fo<ward slope resis1ance 
Typischer Wert der DurdllaBverzOgerungsspannung IEC 747-2 v._ typ. v •I 
typical value of fo<ward rea:tvery voltage T,.=r.,._ 
dlofdt= A/jls, v.=<JV 
DurdllaBvenOgerungsz.ei IEC 747-2, Methode / melhod II .. lyp. IJS 
., 
forward rea:Nery lime T,.=T-.-.1,.,= 
" dio/dt= NiJS, v.=DV 
Sperrstrom T, = 25"C, v,rVf/1184 ~ max. 25 mA 
reverse rurrent T'I=T,._ v.t=VARW max. 250 mA 
ROCkstromspitze DIN tEC 7-47-2, T,.rT.,._ 
'"" 
560 A 
., 
peak reverse recovery current 1.,. =1000A.-<ll,ldt=250A/jls 
v.t<=O,S v..., v.,=0,8 V,.., 
Spem.oerzOgerungsladung DIN lEC 7 .. 7-2. T.,..:T"- a. 1700 IJAS ., 
I'EICOIIef'ed charge 1.,. =1000A.-<ll,ldt=250A/jls 
v..:<=O.S v,.. v,..=0,8 VRIW 
SperNerzOgerungszeit DIN IEC 7-47-2, T.,.-=T-t - 1, 5 IJS 
,, 
,.,.,.,... I'EICOIIef'ed lime 1.,. =1000A.-<lo,/dt=250A/jls 
VJt<=O,S v,_. "YJwr0,8 v_,. 
Sanftheit T"=T .. - SR IJs/A 21 
Softness 1.,. =1000A.-<lo,/dt=250A/jls 
v.;<=O,s v_. v.,==,e v .... 
1) Rict>twertiOr obere Slreubere!Chsgrenze I Upper lim~ of scatter range (standard value) 
2) RichtwertiOr unlere Streubereict>sgrenze I Lower limit of scatter range (standard value) 
SZ-M 129.04.93 • R.JOrl<e A 12193 ~e/page 1 
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Technische Information I Technical Information eupec 
Scl1nelle Gleiclvichlefdiode D 1408 s 20 ... 25 s 
* 
Fast Diode 
Thenn ische Eigenschaften I Thennal properties 
lnnerer Warmewider.;land KllhiiiAche / ~ng surface R,..,c 
thermal resitance, junction to case beidseibg / tw<Hided, 9 =180 • .., max. 0,0150 •CfW 
t>e;dseitig / -.DC max. 0,0140 "CIW 
Anode / anode, 9 =180•sm max. 0,0250 "CIW 
Anoda l anode, DC max. 0,0240 "CIW 
Kathode / cathode, e =1eo·sm max. 0,0350 "CIW 
Kathode I cathode, DC max. 0,0340 •CfW 
Ot>ergangs- warmewidetstand KOhllache I cooing surface Ro.o< 
thermal resilance, case lo heatsink t>e;dseitig I two-sided max. 0,0035 •CfW 
einseitig / slngle-&ided max. 0,007 "CIW 
HOchstzulassige SpeiTscluchttemperatur T~- 125 ·c 
max. junction temperature 
Belriebstefl1""3lur T • .,. -40 ... +125 ·c 
operating temperature 
l..agertei o .,.. atur T,.. -40 ... +150 ·c 
staage temperature 
Mechanische Eigenschaften I Mechanical properties 
Gehause, siehe Anlage Seile 3 
case, see appendix page3 
Si-Eiement m~ Druckkontakl Outchmesserldiameter 51mm 
Si-pelel with pressure contact 
Anprellkraft F 18-.50 kN 
damping foo:e 
Gewichl G lyp. 300 g 
...,;got 
Kriechslrecke 26 mm 
creepage distance 
Feocliteklasse DIN40040 c 
humidity dassificalion 
Schwingfestigkei1 !=50Hz 50 mls' 
vibration resistance 
KOhlkiSrper I heatsinks: K0,05F ; K0,08F ; 2K0,024W 
Mit dieser technischen Information wertlen Halbleolert>auelemente spezifizlert, )8doch keine Elgenschatlen rugesicloert. Sie gift 
i'i Verbindung mit den rugehOrigen T echnischen Ertauterungenl The technical Information specifies semiconductors d<Mces but 
promises no characteristics. It is valid i'i CO!Tlbinalion with the belonging technical notes. 
SZ-M I 29.04.93 , R.JO<Ite A12 / 93 Seitelpage 2 
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Appendix B 
PSCAD Screenshots 
This appendix contains screenshots from the PSCAD simulations. Screenshots 
are provided for: 
1. Controlled Rectifier Power Supply 
2. Uncontrolled Rectifier Chopper Power Supply 
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Appendix C 
Matlab Programs 
This appendix contains Matlab programs used to analyze the outputs from the 
PSCAD simulations. The programs assume that the PSCAD output file has already 
been loaded and parameters named accordingly, programs include: 
1. Fast Fourier Transform Program (Rectangular Window) 
2. Voltage Imbalance 
3. Voltage Flicker 
191 
% Line-to-Neutral Voltage FFT 
Vanf=fft(Van,length(Van)); 
Vanf1=(2*abs(Vanf) llength(Van)); 
Vanf2=(Vanfl.lmax(Vanf1))*100; 
Vanp=phase(Van£(13)); 
Van£ Vanf1(13)lsqrt(2); 
Vbnf=fft (Vbn,length(Vbn)); 
Vbnf1=(2*abs(Vbnf)llength(Vbn)) ; 
Vbn£2= (Vbn£1. I max(Vbn£1)) * 1 OO· 
Vbnp=phase(Vbn£(13)); 
Vbnf-Vbnf1(13)lsqrt(2); 
Venf fft(Ven,length(Ven)); 
V en£1= (2*abs(V en£) llength(V en)); 
V en£2= (V en£1. lmax(V en£1) )*100; 
V enp=phase(V en£(13)); 
V enf= V en£1 ( 13) I sqrt(2); 
% Primary Line Current FFT 
Iaf=fft(Ia,length(Ia)); 
Iaf1=(2*abs(Iaf) llength(Ia)); 
la£2= (Ia£1. I max(Iafl)) * 100; 
lap=phase(Ia£(13)); 
laf=la£1(13); 
Ibf fft(Ib,length(Ib)); 
Ibf1=(2*abs(Ibf) llength(Ib) ); 
Ibf2=(1bfl.lmax(Ibf1))*100; 
lbp=phase(Ib£(13)); 
lbf=lb£1(13); 
Icf fft(Ie,length(Ic)); 
lef1=(2*abs(Icf) llength(Ic)); 
lcf2=(1efl.lmax(Icf1))*100; 
lcp=phase(Ic£(13)); 
lcf-Icfl (13); 
% Output Voltage FFT 
V df-fft(V d,length(V d)); 
Vdf1=(2*abs(Vdf)llength(Vd)); 
V df2=(V d£1. lmax(V dfl)) *100; 
% Output Current FFT 
ldf-fft (Id ,length (Id)); 
Idf1=(2*abs(Idf) llength(Id) )· 
192 
Idf2=(ldfl./max(Idf1))*100; 
% Voltage Unbalance 
Vancx= Vanf*cos(Vanp )+i*Vanf*sin(Vanp); 
Vbncx=Vbnf*cos(Vbnp)+i*Vbnf*sin(Vbnp); 
V cncx= V cnf*cos(V cnp )+i*V cnf*sin(V cnp); 
a1=-0.5+i*(sqrt(3)/2); 
a2=-0.5-i*(sqrt(3) /2); 
Vpos=(1/3)*abs(Vancx+a1 *Vbncx+a2*Vcncx); 
Vneg=(1/3)*abs(Vancx+a2*Vbncx+a1 *Vcncx); 
Vunb= (V neg/V pos) * 1 00; 
% Calculates Voltage Flicker 
Pa=prctile(Pf5a,[99.9 99 97 90 50]); 
Psta=sqrt(0.0314*Pa(1)+0.0525*Pa(2)+0.0657*Pa(3)+0.28*Pa(4)+0.08*Pa(5)); 
Pb=prctile(Pf5b,[99.9 99 97 90 50]); 
Pstb=sqrt(0.0314*Pb(1)+0.0525*Pb(2)+0.0657*Pb(3)+0.28*Pb(4)+0.08*Pb(5)); 
Pc=prctile(Pf5c,[99.9 99 97 90 50]); 
Pstc=sqrt(0.0314 *Pc(1 )+0.0525*Pc(2)+0.0657*Pc(3)+0.28*Pc( 4)+0.08*Pc(5)); 
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Appendix D 
PSCAD Flickermeter Test Results 
This appendix contains the test results from the simulated IEC fiickermeter. The 
test are taken from IEC 61000-4-15 and are as follows: 
1. Pst Calibration for 230 V and 120 V Systems 
2. Pt5 Calibration for 230 V 50 Hz System 
3. P15 Calibration for 120 V 60Hz System 
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Table D.1: Pst Calibration for 230 V and 120 V Systems 
Changes Per Rectangular 230 v 50 Hz Error Rectangular 120 v 60Hz Error 
Minute (~V/V) System (Pst) (Percentage) (~V/V) System (Pst) (Percentage) 
39* 0.906 1.0202 2.02 1.044 1.0073 0.73 
48 0.870 1.0138 1.38 1.000 0.9979 -0.21 
68 0.810 1.0056 0.56 0.939 0.9991 -0.09 
110* 0.725 1.0107 1.07 0.841 1.0073 0.73 
176 0.640 1.0135 1.35 0.739 1.0042 0.42 
273 0.560 1.0173 1.73 0.650 1.0061 0.61 
375 0.500 1.0112 1.12 0.594 1.0069 0.69 
480 0.480 1.0222 2.22 0.559 1.0092 0.92 
585 0.420 1.0026 0.26 0.501 1.0056 0.56 
682 0.370 1.0054 0.54 0.445 1.0043 0.43 
796 0.320 1.0023 0.23 0.393 1.0047 0.47 
1020 0.280 1.0177 1.77 0.350 0.9986 -0.14 
1055 0.280 1.0193 1.93 0.351 0.9981 -0.19 
1200 0.290 1.0209 2.09 0.371 1.0006 0.06 
1390 0.340 1.0304 3.04 0.438 1.0085 0.85 
1620* 0.402 0.9886 -1.14 0.547 1.0043 0.43 
2400 0.770 0.9951 -0.49 1.051 1.0096 0.96 
2875 1.040 1.0022 0.22 1.498 1.0104 1.04 
4000* 2.400 1.0261 2.61 NA NA NA 
4800* NA NA NA 4.834 1.0047 0.47 
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Table D.2: P15 Calibration for 230 V 50 Hz System 
Frequency Sinusoidal pf5 Error Rectangular pf5 Error 
(Hz) (AV/V) (Percentage) (AV/V) (Percentage) 
0.5 2.340 0.9758 -2.42 0.514 1.0204 2.04 
1.0 1.432 1.0442 4.42 0.471 1.0226 2.26 
1.5 1.080 1.0234 2.34 0.432 1.0200 2.00 
2.0 0.882 1.0084 0.84 0.401 1.0195 1.95 
2.5 0.754 1.0219 2.19 0.374 1.0239 2.39 
3.0 0.654 1.0307 3.07 0.355 1.0207 2.07 
3.5 0.568 1.0186 1.86 0.345 1.0189 1.89 
4.0 0.500 1.0153 1.53 0.333 1.0097 0.97 
4.5 0.446 1.0233 2.33 0.316 1.0268 2.68 
5.0 0.398 1.0159 1.59 0.293 1.0176 1.76 
5.5 0.360 1.0197 1.97 0.269 1.0113 1.13 
6.0 0.328 1.0192 1.92 0.249 1.0102 1.02 
6.5 0.300 1.0045 0.45 0.231 1.0053 0.53 
7.0 0.280 1.0044 0.44 0.217 1.0104 1.04 
7.5 0.266 1.0094 0.94 0.207 1.0074 0.74 
8.0 0.256 1.0065 0.65 0.201 1.0196 1.96 
8.8 0.250 1.0037 0.37 0.199 1.0353 3.53 
9.5 0.254 1.0053 0.53 0.200 1.0144 1.44 
10.0 0.260 0.9979 -0.21 0.205 1.0262 2.62 
10.5 0.270 0.9986 -0.14 0.213 1.0159 1.59 
11.0 0.282 0.9955 -0.45 0.223 1.0133 1.33 
11.5 0.296 0.9920 -0.80 0.234 1.0109 1.09 
12.0 0.312 0.9902 -0.98 0.246 1.0129 1.29 
13.0 0.348 0.9858 -1.42 0.275 1.0271 2.71 
14.0 0.388 0.9799 -2.01 0.308 1.0071 0.71 
15.0 0.432 0.9774 -2.26 0.344 1.0218 2.18 
16.0 0.480 0.9797 -2.03 0.376 1.0021 0.21 
17.0 0.530 0.9792 -2.08 0.413 1.0126 1.26 
18.0 0.584 0.9839 -1.61 0.452 1.0309 3.09 
19.0 0.640 0.9865 -1.35 0.498 1.0066 0.66 
20.0 0.700 0.9929 -0.71 0.546 0.9796 -2.04 
21.0 0.760 0.9922 -0.78 0.586 1.0053 0.53 
22.0 0.824 0.9946 -0.54 0.604 0.9784 -2.16 
23.0 0.890 0.9946 -0.54 0.680 1.0029 0.29 
24.0 0.962 1.0002 0.02 0.743 1.0041 0.41 
25.0 1.042 1.0126 1.26 NA NA NA 
33.33 2.130 1.0038 0.38 1.670 0.9968 -0.32 
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Table D.3: P15 Calibration for 120 V 60Hz System 
Frequency Sinusoidal Prs Error Rectangular Prs Error 
(Hz) (~V/V) (Percentage) (~V/V) (Percentage) 
0.5 2.457 0.9708 -2.92 0.600 1.0147 1.47 
1.0 1.463 0.9969 -0.31 0.547 1.0101 1.01 
1.5 1.124 1.0016 0.16 0.504 1.0178 1.78 
2.0 0.940 1.0036 0 .36 0.471 1.0212 2.12 
2.5 0.814 1.0057 0.57 0.439 1.0105 1.05 
3.0 0.716 1.0057 0.57 0.421 1.0191 1.91 
3.5 0.636 1.0055 0.55 0.407 1.0047 0.47 
4.0 0.569 1.0046 0.46 0.394 1.0125 1.25 
4.5 0.514 1.0099 0.99 0.371 1.0018 0 .18 
5.0 0.465 1.0045 0.45 0.349 1.0148 1.48 
5.5 0.426 1.0091 0.91 0.323 1.0031 0.31 
6.0 0.393 1.0096 0.96 0.302 1.0097 0.97 
6.5 0.366 1.0075 0.75 0.282 1.0006 0.06 
7.0 0.346 1.0096 0.96 0.269 1.0070 0.70 
7.5 0.332 1.0117 1.17 0.258 1.0066 0.66 
8.0 0.323 1.0087 0.87 0.255 1.0235 2.35 
8.8 0.321 1.0106 1.06 0.253 1.0217 2.17 
9.5 0.330 1.0145 1.45 0.257 1.0000 0.00 
10.0 0.339 1.0019 0.19 0.264 0.9992 -0.08 
10.5 0.355 1.0092 0.92 0.280 1.0240 2.40 
11.0 0.374 1.0150 1.50 0.297 1.0424 4.24 
11.5 0.394 1.0112 1.12 0.309 1.0198 1.98 
12.0 0.420 1.0255 2.55 0.323 1.0052 0.52 
13.0 0.470 1.0151 1.51 0.369 1.0218 2.18 
14.0 0.530 1.0201 2.01 0.411 1.0111 1.11 
15.0 0.593 1.0157 1.57 0.459 1.0193 1.93 
16.0 0.662 1.0160 1.60 0.513 1.0261 2.61 
17.0 0.737 1.0207 2.07 0.580 1.0307 3.07 
18.0 0.815 1.0215 2.15 0.632 1.0313 3.13 
19.0 0.897 1.0221 2.21 0.692 1.0227 2.27 
20.0 0.981 1.0184 1.84 0.752 1.0266 2.66 
21.0 1.071 1.0191 1.91 0.818 1.0187 1.87 
22.0 1.164 1.0180 1.80 0.853 1.0144 1.44 
23.0 1.262 1.0185 1.85 0.946 1.0102 1.02 
24.0 1.365 1.0206 2.06 1.072 1.0210 2.10 
25.0 1.472 1.0216 2.16 NA NA NA 
40.0 4.424 1.0243 2.43 3.460 1.0164 1.64 
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